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An annular magnet has been used to determine the difference in energy of the particles from 


the Be®(d, a)Li? and Li®(d, p)Li’ reactions. These energies have been measured through a direct 
comparison with the alpha-particles from polonium, and they serve to determine the energy of 
the level in Li? excited in these processes. The values obtained are 482+3 kev for the Be®(d, a) 


reaction and 483+6 kev for the Li®(d, p) reaction. 





I. INTRODUCTION 


IX nuclear interactions are known that lead 
to the formation of a Li’ nucleus in a low 
lying, excited state.! This occurs in the case of 
bombardment of Li® by deuterons, the bombard- 
ment of Be® by deuterons, the bombardment of 
B’° by neutrons, the K-electron capture of Be’, 
and the noncapture excitation of Li’ by protons 
and alpha-particles. Gamma-rays have been ob- 
served to result from each of these processes, and 
the most recent results place their energy in the 
neighborhood of 480 kev, although values ranging 
from 400 to 500 kev have been reported. Except 
in the case of the Be decay and the noncapture 
excitation by alpha-particles, two groups of 
charged particles have been observed to result 
from each of these reactions; and here also the 
reported energy of the excited Li’ nucleus, as 
determined from measurements on the difference 
in energy between the particle groups, differs in 
many cases by amounts exceeding the experi- 
mental error assigned to the measurements. 
This discrepancy is particularly striking in the 
case of the Li®(d, p)Li’? and Be*%(d, a)Li’ reac- 


1 These reactions have been summarized by W. Hornyak 
and T. Lauritsen, Rev. Mod. Phys. 20, 191 (1948). 
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tions. Here, both the incident and emergent 
particles are charged, and it might be expected 
that the measurements would be free of the 
uncertainties that often accompany the determi- 
nation of gamma-ray and neutron energies. The 
first reaction was studied by Rumbaugh, Roberts, 
and Hafstad,? who found two groups of protons, 
the energy separation of which corresponded to 
an excited state in Li’ of 455415 kev. The 
second reaction was investigated by Graves,’ 
who measured the energy difference of the two 
groups of alpha-particles. This determination led 
to a value of 494-416 kev for the energy of the 
excited state. In each of these experiments, 
the energies of the particle groups were measured 
in terms of the range-energy relationship for 
protons and alpha-particles. Graves, in discussing 
the possibility of reconciling this discrepancy, 


has concluded that this is not possible without. 
‘serious revision of the accepted range-energy 


curve and has suggested that two closely spaced 
levels of Li? may be involved in these various 
reactions. 

?L. H. Rumbaugh, R. B. Roberts, and L. R. Hafstad, 


Phys. Rev. 54, 657 (1938). 
3E. R. Graves, Phys. Rev. 57, 855 (1940). 
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Fic. 1. Schematic diagram of apparatus. 


The High Voltage Laboratory of the Institute 
has recently completed the construction and 
preliminary testing of a large annular magnet 
designed especially for the investigation of nuclear 
energy levels.‘ This magnet is particularly suit- 
able for investigating the energies of protons and 
alpha-particles in the range of those encountered 
in the reactions just described. We have used 
this equipment to study, under as nearly identical 
conditions as possible, these two modes of the 
formation of Li’. 


II. APPARATUS AND EXPERIMENTAL PROCEDURE 


Certain essential features of the experimental 
arrangement are shown schematically in Fig. 1. 
The ion beam from an electrostatic accelerator is 
first analyzed into its various mass components 
by a 90-degree deflecting magnet. The diatomic 
beam that results from this analysis is brought 
to a focus in the plane of a pair of insulated slit 
jaws, the currents to which provide a controlling 
signal for a voltage stabilizer of the corona- 
spray type. These currents, together with the 
visual indication obtained from a quartz plate 
placed behind the slit jaws, also provide a con- 
tinuous indication of the position of the atomic 
beam which is brought out in a horizontal exten- 


‘Buechner, Van de Graaff, Strait, Stergiopoulos, and 
Sperduto, Bull. Am. Phys. Soc. 23, No. 3, 30 (1948). 


sion of the vacuum system at right angles to the 
direction of the incident beam from the ac- 
celerator. This component is brought to a focus 
on a target located between the poles of a large 
annular magnet. This magnet is made of Armco 
iron castings with accurately ground faces and 
follows closely the essential dimensions of the one 
designed by Cockcréft® and used by Rutherford 
and his collaborators® for the precise determina- 
tion of the energy of the alpha-particles from 
natural radioactive substances. It produces a 
uniform field over an annular region having a 
mean diameter of 70 centimeters and an annular 
width of 5 centimeters, the gap between the pole 
faces being 14 millimeters. The targets are con- 
tained in a chamber placed in a 1-inch wide slot 
cut through the annular region. A slit is placed 
at the entrance to this chamber to determine the 
position: and define the energy of the beam 
striking the target. The targets, together with 
alpha-particle sources for calibrating the magnet, 
are mounted around the perimeter of a wheel, 
so that various targets and reactions may be 
studied without the necessity of opening the 
vacuum system. 

At the far end of the diameter that includes 


5 J. D. Cockcroft, J. Sci. Inst. 10, 71 (1933). 
6 Rutherford, Wynn-Williams, Lewis, and Boden, Proc. 
Roy. Soc. A139, 617 (1933). 
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Fic. 2. Alpha-particle 
groups from Be°da)Li?, 
together with group from 
polonium used for deter- 
mination of analyzing field 
strength. 
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the target, a 1-inch wide slot is cut in the magnet 
to accept a vacuum enclosure, in which a number 
of 1-inch by 2-inch nuclear-track photographic 
plates (Eastman NTA plates have been employed 
in these experiments) are placed. A thin-walled 
vacuum chamber is placed in the annular region 
between the pole faces and connects this plate- 
holder with the target chamber. The arrange- 
ments within the plateholder are such that each 
plate in turn may be placed at the exit end of 
this connecting vacuum chamber, the long axis 
of the plate lying along the diameter which 
includes the target. The: geometry is such that 
those charged particles emitted from the target 
in a direction at right angles to the incident 
beam pass through the annular field and are 
brought to a focus on the surface of the plate. 
The plate is inclined so that the incident particles 
make an angle of 30 degrees with the emulsion. 
A fine indexing mark is placed permanently upon 
each plate when it is in position for exposure, an 
optical system with slits being employed for this 
purpose. The distance between these defining 
slits and the position of the beam on the target 
is measured with a precision cathetometer, so 
that measurements on the plates of the distance 
between the tracks and the index can be accu- 
rately translated into radius of curvature in the 
magnetic field. These measurements are carried 
out on a mechanical stage of a dark-field binocu- 
lar microscope. 


3.30 
Hf (10° GAUSS CENTIMETERS) 


As the apparatus is normally employed, each 
plate is exposed at a different magnetic field 
strength, the incident bombarding voltage being 
held constant. Thus, each plate covers a certain 
interval in the energy spectrum of the particles 
resulting from the reaction, the width of the 
interval for a particular plate depending upon 
the field strength at which it was exposed. The 
field strengths are measured with a sensitive null 
device that consists essentially of two flip coils 
coupled together mechanically. One coil is placed 
in the field of the annular magnet, while the 
other is mounted within the field of a Helmholtz 
coil located some distance away. These coils are 
caused to oscillate in synchronism through 180 
degrees about diameters placed at right angles 
to their respective magnetic fields and are con- 
nected in series so that the e.m.f.’s generated 
are opposite in polarity. A sensitive galvanometer 
is connected in the circuit through a reversing 
switch driven by the same mechanical system, 
the polarity of the galvanometer being reversed 
at the instant the coils reach the limit of their 
oscillating motion. Thus, the field strength of 
the gap is measured in terms of the current 
through the Helmholtz coil which is necessary 
to give zero deflection on the galvanometer. The 
sensitivity of the device is such that, as used at . 
present, full-scale deflection on the galvanometer 
corresponds to a change in the magnetic field 
strength of about one part in 1000. 
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Fic. 3. Proton groups 
from Li®(dp)Li’, together 
with alpha-particles from 
polonium. 
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This flux meter is calibrated in terms of the 
magnetic field strength required to produce a 
measured deflection of the alpha-particles from 
polonium, the alpha-particle source being placed 
in the position normally occupied by the target. 
With the flux meter calibrated in this way, the 
annular magnet provides a very convenient and 
precise method for the determination of the 
energy of the bombarding proton or deuteron 
beam. For this purpose, the incident beam is 
directed onto a thin gold-foil target, and the 
magnet is used to measure the energy of the 
elastically scattered particles. This determination 
can thus be made with an accuracy comparable 
to that of the determination of the energy of 
natural alpha-particle groups. 

For the purposes of the present experiment, 
however, neither the flux-meter calibration nor 
the incident bombarding energy need be deter- 
mined with any precision, the only requirement 
being that the analyzing field strength and the 
bombarding energy be kept constant during a 
particular run. This results from the fact that 
for bombarding voltages of the order of 1.3 Mev 
the particles from both the Li®(d, p) and the 
Be*(d, a) processes are emitted with energies 
nearly equal to 5.30 Mev, the energy of alpha- 


particles from polonium. Also, in each case the 
difference in energy between the particle groups 
is such that both can be simultaneously recorded 
on the same plate. Thus, by an appropriate 
selection of the bombarding voltage and the 
analyzing field strength, it is possible to obtain 
on a single plate eithér the proton groups from 
the lithium reaction or the alpha-particle groups 
from the beryllium reaction, together with a 
calibrating group of polonium alpha-particles for 
the determination of the magnetic field strength. 
Since both groups of particles are measured from 
a single plate, the magnetic field strength for 
which is accurately known, their energy separa- 
tions may be determined with high precision 
without the necessity of assuming linearity of the 
flux meter or of the determination of the incident 
bombarding voltage. These energy differences, 
when corrected for the masses of the interacting 
particles, give directly the difference in energy 
between the excited level and the ground state 
of Li’. Furthermore, since the data on each 
group are taken simultaneously and since the 
measurements are made in terms of differences, 
various possible complications, such as the effects 
of surface contaminants, tend to cancel out so as 
not to affect appreciably the final results, 
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Ill. RESULTS AND DISCUSSION 


In Fig. 2 we have plotted the distribution of 
particle tracks along a plate exposed during the 
bombardment with deuterons of a thin (5 kv) 
target of beryllium evaporated on a silver 
backing. The deuteron energy in this case was 
1.38 Mev, and the two alpha-groups from the 
Be°(d, a) reaction are clearly resolved. The ab- 
scissae are the Hp values calculated for the 
individual points, the field strength being deter- 
mined from the position of the alpha-particles 
from a polonium source which, subsequent to the 
bombardment and with the field strength main- 
tained constant, was inserted into the position 
normally occupied by the target. This calibrating 
peak is also plotted in the figure. In addition to 
these alpha-particles, a sharp group of protons 
was also found on this plate. These result from 
the Be*(d, p) Be’® reaction and are not plotted in 
the figure. 

The energy of each group is taken to be that 
corresponding to a point on the high energy side 
of the peak at a height which is one-third the 
maximum in each case. Numerous experiments 
have indicated that this point is essentially in- 
dependent of such variables as target thickness 
and total exposure, and the selection of this 
point is in agreement with the results of* Ruther- 
ford and his collaborators with a similar magnet. ® 
Actually, since in these particular measurements 
the important quantity is a difference in energy 
between the groups, it is relatively unimportant 
which point on the peak is selected, and the 
difference between the value obtained when the 
top of the peak is employed instead of a point 
at one-third the maximum is less than the experi- 
mental error in the individual determinations. 

The difference in energies between the two 
alpha-particle groups is found to be 307 kev. 
Using Bethe’s 1947 table of masses,’ we thus 
obtain 482+3 kev as the energy of the excited 
state of Li’ involved in this reaction. The stated 
experimental error has been arrived at from a 
consideration of the various experimental factors 
involved. These include the uncertainty in the 
determination of the locations of the peaks, the 
non-uniformities of the magnetic field at the tar- 
get and the photographic plates, the homogeneity 


7H. A. Bethe, Elementary Nuclear Theory (John Wiley 
and Sons, Inc., New York, 1947). 
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and constancy of the magnetic field, the geometry 
of the apparatus, and the finite width of the 
entrance slits. It should be pointed out that, 
since this is a difference measurement, many of 
the possible sources of error affect each group in 
a similar way and thus tend, to a large extent, 
to cancel out. In these experiments, the first of 
these factors is by far the most important and 
limits the determination at the energies of the 
individual peaks to closer than +1.5 kev. This 
leads to +3 kev as the probable error in the de- 
termination of the energy of the level. 

These results are in excellent agreement with 
those of Lauritsen, Fowler, Lauritsen, and Ras- 
mussen,® who measured the energy of the gamma- 
rays resulting from this reaction. Using photo- 
electrons in a magnetic-lens spectrometer, these 
authors arrived at a value of 480+10 kev for 
this energy level. The result also agrees within 
the experimental error with that of Graves, to 
which reference has already been made. 

In a similar way, the difference in energy 
between the proton groups resulting from 
the Li®(d, p)Li’ reaction has been determined. 
Through the courtesy of Dr. E. L. Hudspeth, we 
were supplied with a thin Li® target which was 
separated in the Rumbaugh spectrograph at the 
Bartol Research Foundation by W. J. Scott. 
Bombardment of this target with deuterons 
gives the results shown in Fig. 3. Here, the differ- 
ence in energy between the two proton groups is 
422 kev, from which we obtain a value of 4836 
kev for the energy of the Li’ level excited in this 
reaction. The exposures for the observation of 
this reaction were not so high as for the Be®(d, a) 
reaction, and hence the positions of the peaks 
could not be determined with so high a precision. 

This result is not in agreement with that 
previously quoted, in which proton ranges were 
employed to measure this energy separation ; nor 
is it in agreement with absorption measurements 
on the gamma-rays that accompany this re- 
action.* However, the close concordance between 
this result and that obtained by various methods 
from the Be%(d, a) reaction strongly indicates 
that only one level of Li’ is ‘excited in these two 


8 Lauritsen, Fowler, Lauritsen, and Rasmussen, Phys. 
Rev. 73, 636 (1948). 

®J. H. Williams, W. G. Shepherd, and R. O. Haxby, 
Phys. Rev. 52, 390 (1937). 
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different reactions. This view is strengthened by 
the agreement of these results with those of 
Zlotowsky and Williams,!° Rubin," and Zaffa- 
rano, Kern, and Mitchell’* on the energies of the 
gamma-rays which result from the capture of 
orbital electrons by Be’. These authors obtained 
values, respectively, of 485+5; 4761410; and 
474+4 kev for this excited state of Li’. Also, 
Rubin, Snyder, Lauritsen, and Fowler!* have 
studied this level though the observation of 
inelastically scattered protons from Li’. The 
result of their determination is 480+2 kev. This 

in Zlotowsky and J. H. Williams, Phys. Rev. 62, 29 
Or 2 Rubin, Phys. Rev. 69, 134 (1946). 


12 Zaffarano, Kern, and Mitchell, Phys. Rev. 74, 105 


(1948). 
18 Rubin, Snyder, Lauritsen, and Fowler, Bull. Am. Phys. 
Soc. 23, No. 8 (1948). 


is in excellent agreement with preliminary results 
in this Laboratory on the same process. 

Note added in proof: In a recent article, F. N. 
D. Kurie and M. Ter-Pogossian report a value 
of 485+5 kev for these gamma-rays [Phys. Rev. 
74, 677 (1948) ]. 
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Molybdenum of natural isotopic composition and molybdenum enriched in isotope 94 were 
subjected to bombardments with protons and deuterons. After monitoring, and from the 
saturation intensities and the nature of the decay of the radioactive substances produced, 
simultaneous equations were set up which yielded the relative values for the reaction cross 


sections. 


For 5-Mev protons, Mo™(p, 7): Mo**(p, 2): Mo (p, vy): Mo%*(p, 2) = 1: 260: 40: 400. For 10- 
Mev deuterons, Mo™(d, m): Mo®5(d, 2n): Mo®5(d, 2): Mo%(d, 2m) = 1: 13: 17: 2.5. The method is 


applicable to a wide range of elements. 


INTRODUCTION 


HE recent availability of enriched isotopes 

has provided a new approach to the meas- 

urement of relative cross sections of nuclei under 
charged particle bombardment. 

The variation of the percent of the isotopic 
components in the bombarded targets enables 
one to set up a system of equations, each corre- 
sponding to a different activity, with the cross 
sections as unknowns. If the bombarding beam 
be properly monitored, these equations can be 


* Research Fellow of the National Institute of Health, 
Bethesda, Maryland. 


solved simultaneously to give the relative cross 
sections, provided that the details of the decay 
scheme of the resulting radioactive nuclei are 
known. 

The present paper is illustrative of the above 
method. The relative cross sections for the re- 
actions (p,m) to (p,y) and (d,m) to (d, 2m) 
leading to the 20-hour Tc® and the 4.3-day Tc%® 
activities are measured by using natural molyb- 
denum and enriched Mo*Q;.** 


** Supplied by ‘the Y-12 plant, Carbide and Carbon 
Chemicals Corporation, through the Isotopes Division, 
U.S.A.E.C., Oak Ridge, Tennessee. 





USE OF ENRICHED MOLYBDENUM 


EXPERIMENTAL 


Bombardments were made with 5-Mev protons 
and 10-Mev deuterons on (a) natural molyb- 
denum metal (Hilger), (b) MoO; electromag- 
netically enriched in Mo®, and (c) MoOssimilarly 
enriched in Mo*. The isotopic composition of 
the molybdenum samples is given in Table I. 

Chemical separations were performed when- 
ever necessary. The 2.7-hour activity which is 
known to be produced from Mo” was used as a 
monitor of the beam current in different bom- 
bardments and also to correct for small differ- 
ences in the weights of the materials in the 
samples. The decay of the activities was followed 
with a unifilar Wulf electrometer provided with 
an ionization chamber filled with freon gas at 
20 lb. pressure above atmosphere. There was an 
adjustable electromagnet at the top of the ioniza- 
tion chamber so that the x-rays and the y-rays 
could be studied separately after deflecting the 
charged particles away by the magnetic field. 


DETAILS OF DISINTEGRATION PROCESS 


In a typical bombardment of molybdenum 
with protons the saturation intensities for the 
charged particles, x-rays, and y-rays in the 
4,3-day half-life activity (Tc%*) were 8.40, 5.82, 
and 7.93 ionization units, respectively, and the 
corresponding figures in the 20-hour activity 
were 3.0, 3.45, and 2.45. Tc®* is known to decay 
partly by emission of a negative beta-particle! 
of maximum energy, 0.64 Mev, and partly by 
K-capture. There are also 0.92-Mev y-rays. In 
the ionization chamber used, a beta-ray of 
maximum energy 0.64 Mev produced on the 
average about 84.5 times as much ionization as 
an x-ray quantum of 1.0A. Also in the chamber, 
the ionization produced by each y-quantum of 
energy 0.92 Mev was about equal to that by 
the x-quantum. Thus to each beta-particle, there 
are (5.82 X 84.5) /8.4=58.5 x-ray quanta emitted. 
Again, there are 7.93/5.82=1.36 y-quanta per 
x-quantum. Combining, there are then approxi- 
mately 60 x-quanta and 80 y-quanta to each 
emitted beta-particle. Similarly, for the 20-hour? 
Tc, there are 7 x-quanta and 5 y-quanta ob- 
served per charged particle. Both of these 


1D. Ewing, T. Perry, and R. McCreary, Phys. Rev. 55, 


1136 (1939). 
2D. T. Eggen and M. L. Pool, Phys. Rev. 74, 57 (1948). 


TABLE I. Percent isotopic composition of 
bombarded target samples. 








Mass numbers 
Sample 94 95 96 97 98 
16.1 16.6 9.65 24.1 
2.39 1.15 0.54 1.65 
6.2 2.7 1.1 4.9 





Natural Mo 
Enriched in 92 
Enriched in 94 


9.4 
1.67 
9.1 








radioactive isotopes thus decay primarily by 


K-capture. 


CALCULATION OF RELATIVE CROSS SECTIONS 


The cross section for the production of a radio- 
active isotope from a target isotope is propor- 
tional to its saturation activity. The constant of 
proportionality, K, depends upon the beam 
current, geometry of the equipment, and on the 
radiations emitted. _ 

In Table II are shown the saturation intensities 
obtained from typical bombardments. The values 
have been corrected to the same beam current 
and amount of material in the sample. The 2.7- 
hour activity was used as the monitor. The 
measurements were all made under identical 
geometrical arrangement. 

From sets (1) and (2) of the table for the 
20-hour activity, the following equations may be 
written : 


9.00/K (20H) = 9.4094” 7+ 16.1095", 
3.62/K (20H) = 79.1094” 7+6.2095”*, 


where the coefficients of the o’s are the percent 
values in Table I. Solving, og 7=0.00214/ 
K(20H) and o9”"=0.56/K(20H). Thus G95?" / 
ou” Y= 260. This means that the 20-hour activity 
is produced 260 times as easily from. Mo by 
the (p, 2) reaction as from Mo" by the (9, ) re- 
action. Proceeding in a similar manner, analogous 

TABLE II. Saturation ionization intensities of the 20- 


hour and 4.3-day activities obtained with targets of 
different isotopic composition. 








Saturation intensity 
(ionization units) 
20-hour half-life 4.3-day half-life 


9.0 22.2 
4.07 


14.7 
41.2 


5.44 


Bombardment 


(1) Mo(natural)+ 
(2) — enriched in 


o%+p 
(3) MoO; enriched in 
Mo*+d 
(4) Mo(natural)-+d 
(5) MoO; enriched in 
Mo*-+d 





3.62 


14.6 
19.7 


1.115 
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PROTON BOMBAROMENT DEUTERON BOMBARDMENT 


Fic. 1. Relative cross sections of (p, m):(, ~) and 
(d, n):(d, 2m) reactions in Mo. 


equations may be formed from the first four sets 
of data in Table II. The solutions are: 


oo” "=1.22/K(4.3D), 095% 7=0.126/K(4.3D), 
o%?" = 1.17/K (20H), oo4”" =0.092/K (20H), 
o6* 2" =0.334/K(4.3D), o5%"=2.23/K(4.3D). 


The numerical values in the o’s come from 
measurements of the total radiation resulting 
from all the different kinds of radiations emitted 
by the particular activity formed. ¢ 

It was seen in the preceding section that the 
4.3-day and the 20-hour activities decay by 
emitting x-quanta 60 and 7 times as frequently, 
respectively, as by beta-emission. The main 
decay process is, therefore, by K-capture. The 
o’s can then be calculated by reducing the total 
intensities of ionization to that due to x-rays 
alone. If each x-quantum emitted is taken as 
standing for one disintegration, then all the K’s 
become equal and the relative cross sections are 
immediately obtained. 

For the 20-hour period, the ratio of the total 
ionization to that caused by x-rays was 9.0/3.45, 
and that for the 4.3-day period was 22.2/5.8. 
Based upon relative x-ray intensities, the follow- 
ing cross-section ratios are thus obtained : 


o95” ¥/a95”"=1/6.5 
and 
O95” "/og5% an = 1,3. 


The various relative cross sections are graphi- 
cally represented in Fig. 1. For 5-Mev proton 
bombardment the relative cross sections for the 
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following reactions are, Mo**(p, 7): Mo%*(p, n): 
Mo(p, 7): Mo%(p, 2) =1:260:40:400. For 10- 
Mev deuteron bombardment the cross sections are 
Mo"(d, 2): Mo®(d, 2m): Mo%(d, 2): Mo(d, 2n) 
= 1:13:17:2.5. 


DISCUSSION 


The additional set (5) of Table II may be 
used to check the accuracy of the relative values 
of the o’s obtained above. The predicted value 
of the saturation intensity in the 4.3-day activity 
in the enriched Mo”*O;+d bombardment is (2.23 
X 2.39 + 0.334 & 1.15)/K(4.3D) =5.71/K(4.3D), 
whereas the observed value is 5.44/K(4.3D). 
The agreement is considered satisfactory. 

It is to be noted that the cross-section ratios 
are based upon the observed intensities of the 
20-hour Tc®® and 4.3-day Tc*® activities. The 
Tc®> isotope, however, is isomeric. Therefore, if 
the 52-day isomeric activity also be taken into 
consideration, the cross-section ratio for the re- 
actions Mo (p, n) to Mo (p, y) will be larger 
by a factor of perhaps 2 than the value 260/40 
=6.5. The total cross-section ratio for the re- 
actions Mo (d,2n) to Mo%(d,), which was 
observed to be 1:1.3, probably would be in- 
creased likewise. 

It is sometimes found that the usual method 
of ascertaining a nfass number of a newly ob- 
served radio-isotope by producing it from various 
cross reactions from neighboring elements is not 
applicable for lack of a suitable stable target 
isotope. In such circumstances, considerations of 
relative cross sections may be expected to be 
of use. 
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There exists an inverse relationship between the relative 
abundance of nuclear species in the universe and the 
neutron-capture cross sections of. these nuclei. Abundant 
nuclei have small capture cross sections, and vice versa. 
On the basis of this correlation, a non-equilibrium theory of 
the formation of the elements is developed in which the 
elements are built up by a process of successive neutron 
captures. The coefficients in the equations of this theory 
involve the neutron-capture cross sections of the elements, 
and for this reason relationships between capture cross 
sections, atomic weights, and neutron energies are obtained 
from available data. 

According to this theory, the primordial material was a 
gas of neutrons only. As the universe expanded, neutrons 
decayed to protons and electrons; the capture of neutrons 
by protons then led to deuterons. These nuclei in turn 
captured neutrons, and progressively heavier nuclei were 


formed. The neutron content in these nuclei was controlled 
by beta-decay between successive neutron captures. 

The physical conditions which are indicated for the 
period of element formation are inconsistent with a 
cosmological model of the early stages of the universe 
based on matter only. It appears that the early stage was 
probably a universe of radiation with a trace of matter 
present. According to this picture, the element-building 
process began some 200 to 300 seconds after the start of the 
expansion, at which time the temperature was of the order 
of 10°°K, and the density of matter was of the order of 10? 
g/cm*. Because of the expansion of the universe, and be- 
cause of the decay of neutrons, the production of elements 
must have been essentially complete in a time of the order 
of magnitude of the neutron decay lifetime. Preliminary 
calculations based on this theory successfully predict the 
observed relative abundance data. 





I. INTRODUCTION 


T is the purpose of this paper to describe a 
neutron-capture theory of the formation and 
relative abundance of the elements. That a 
neutron-capture process was responsible for the 
formation of the elements is suggested by the 
relative abundance data themselves. In fact, it 
will be shown that there exists an inverse relation- 
ship between the relative abundance of nuclear 


species and their cross sections for fast neutron - 


capture, i.e., abundant nuclei have small capture 
cross sections. 

In developing the neutron-capture theory, it is 
accepted that the elements were formed, and 
their relative abundances determined, in a pre- 
stellar stage of the universe. Bethe! has shown in 
his work on the energy production in stars that 
the stars must have been formed with essentially 
their present composition, except for H and He. 


* This article is based on a dissertation submitted to the 
Faculty of the Graduate Council of The George Washing- 
ton University, in partial fulfillment of the requirements 
for the degree of Doctor of Philosophy. 

** A portion of this work was supported by the Bureau 
of Ordnance, U. S..Navy, under Contract NOrd-7386. 

*** A preliminary agp of this work was given by 
R. A. Alpher, H. A. Bethe, and G. Gamow, Phys. Rev. 73, 
803 (1948). 


1H. A. Bethe, Phys. Rev. 55, 434 (1939). 
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Since most stars apparently acquired their 
present form quite early in the history of the uni- 
verse, the elements must have been produced 
near the beginning of the universal expansion, 
some two or three billion years ago. Further evi- 
dence on this point is provided by the present 
existence of naturally radioactive isotopes. If the 
assumption is made that the stable and radio- 
active isotopes of a given element were of equal 
abundance when formed, one may compute from 
known decay constants and present relative 
abundance data when formation occured. In all 
cases the age of the elements is calculated to be of 
the order of several billion years. It is to be ex- 
pected that the physical conditions prevailing in 
the early stages of the expanding universe played 
an important role in the formation of the 
elements. 

It was suggested first by Gamow’ that the 
present relative abundance of elements is the re- 
sult of a non-equilibrium process. An apparently 
significant correlation between relative abun- 
dance and nuclear binding energies—abundant 
nuclei exhibiting large binding energies, and vice 
versa—suggested to a number of other investi- 


2G. Gamow, Phys. Rev. 70, 572 (1946). 
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gators that the observed relative abundance of 
elements corresponds to thermodynamic equi- 
librium between nuclei at some high temperature 
and density in prestellar matter or in certain 
types of stars.* However, equilibrium theories 
have failed to give a reasonably simple explana- 
tion of the origin of light and heavy elements. 
The exposition of the neutron-capture theory 
is developed according to the following plan. The 
relative abundance data are briefly described in 
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Fic. 1. Relative abundance of the elements in the uni- 
verse, according to Goldschmidt (1938). Short-lived natu- 
rally radioactive elements are not plotted. Crosses indicate 
interpolated abundances which include the noble gases 
Ne, Ar, Kr, and Xe. Atomic weight ranges of “magic 
number’’ nuclei are shown on the abscissa. 


3 The following is a partial list of papers on the equi- 
librium theory: T. E. Sterne, Mon. Not. R. Astr. Soc. 73, 
736, 767, 770 (1938); C. von Weizsacker, Physik. Zeits. 39, 
633 (1938); S. Chandrasekhar and L. R. Henrich, Astro- 

hys. J. 95, 288 (1942); G. Wataghin and P. S. de Toledo, 
hys. Rev. 73, 79 (1948); G. B. van Albada, Bull. Astr. 
Inst. Neth. Vol. X, No. 374, Sept. 12, 1946. See also Astro- 
ae J. 105, 393 (1947); O. Klein, G. Beskow and L. 

reffenberg, Ark. Mat. Astr. Fys. 33A, No. 1 (1946); 
G. Beskow and L. Treffenberg, Ark: Mat. Astr. Fys. Pt. I, 
34A, No. 13 (1947); Pt. iI, 34A, No. 17 (1947); J. Géhéniau, 
I, Prigogine, and M. Demeurs, Physica 13, 429 (1947); 
F. Hoyle, Mon. Not. R. Astr. Soc. 106, 343 (1946). 
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Section II. The correlation of large abundance 
with small neutron-capture cross sections, and 
vice versa, is discussed in Section III, and a 
general expression relating capture cross sections, 
atomic weights, and neutron energies is obtained 
for use in the mathematical formulation of a 
neutron-capture theory. In Section IV, a theory 
of successive neutron captures is formulated, and 
preliminary calculations described which indicate 
that this theory successfully represents the ob- 
served relative abundance data. The cosmological 
implications of the neutron-capture theory are 
discussed in Section V. In addition, details of the 
abundance data not directly explained by this 
theory are discussed, and some of the difficulties 
of the theory are indicated. 


II. DESCRIPTION OF RELATIVE 
ABUNDANCE DATA 


The most recent, published tabulation of the 
observed relative abundance of the elements is 
due to Goldschmidt. Recently, Brown® an- 
nounced a revision of Goldschmidt’s tabulation 
based in part on a new procedure for analyzing 
the composition of meteorites. It is reported that 
this as yet unpublished work does not alter 
the major features of the data as given by 
Goldschmidt. 

Goldschmidt’s data are reproduced in Fig. 1. 
The logarithms of relative abundance (number of 
atoms of a given atomic weight per 10,000 atoms 
of Si) are plotted against atomic weight. Isobaric 
abundances have been added in preparing the 
plot. According to Goldschmidt, the abundances 
may be reasonably interpreted as applying to the 
universe as a whole since the composition of the 
universe is generally considered to be homogene- 
ous on a large scale. While the abundances of the 
noble gases are not well determined in the uni- 
verse, they are fairly well determined on earth. 
On the basis of these terrestrial abundances, 
Goldschmidt has interpolated for the universal 
abundances. On Fig. 1, crosses are used to denote 
relative abundance values which include these 
interpolated noble gas data. 

The many members of the radioactive families 


4V. M. Goldschmidt, “‘Geochemische Verteilungsgesetze 
der Elemente. IX. Die Mengenverhdltnisse der Elemente 
und der Atom-Arten,’’ I. Matematisk-Naturvidenskapelig 
klasse, 1937, No. 4. (Oslo, 1938.) 

5H. S. Brown, Bull. Am. Phys. Soc. 23, 10 (1948), 
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are not plotted in Fig. 1. The observed abundances 
of the daughter elements derived by successive 
disintegrations from parent elements of the series 
are in excellent agreement with the predictions of 
established statistical laws of radioactive disinte- 
gration. Only the observed abundance of: the 
long-lived parent elements and perhaps the 
abundance of the daughter elements, when origi- 
nally formed by processes other than the decay of 
parent elements, require explanation. 

It should be noted that the elements Li, Be, 
and B are quite scarce compared to other ele- 
ments in their region of atomic weight. As will be 
explained later, this scarcity probably arises from 
thermonuclear reactions, different than those by 
which the elements were formed, and subsequent 
to the time of element formation. The scarcity of 
Ba!® and Re!* is not verified by Brown’s tabula- 
tion, and is therefore open to question. 

Ranges of atomic weights corresponding to the 
“magic number’’ nuclei have been indicated on 
the abscissa. The “‘magic number’’ nuclei, con- 
taining 50 and 82 protons, or 50, 82 and 110 
neutrons, exhibit a completed ‘‘shell” structure 
which is not yet understood on a theoretical 
basis.* Nuclei containing 126 neutrons, essentially 
coincident with 82 proton nuclei, have also been 
classed as ‘‘magic number’’ nuclei.’ As will be dis- 
cussed below, these nuclei, which are quite 
abundant according to Fig. 1, are found to pos- 
sess small neutron-capture cross sections. 

The principal difference between terrestrial 
and universal abundances is that H and He are 
much less abundant on earth than in the universe. 
The reason for this does not appear to lie in the 
theory of the formation of the elements, but in 
the mode of formation of the planets. For ex- 
ample, in Weizsacker’s theory of the formation of 
the planetary system,’ H and He would have 
been captured by the condensing planets only 
with difficulty. Since these elements probably 


6 H. A. Bethe, Rev. Mod. Phys. 8, 82 (1936); G. Gamow 
and C. L. Critchfield, Theory of the Atomic Nucleus and 
Nuclear Energy Sources (Clarendon Press, Oxford, in print). 

7M. G. Mayer, Phys. Rev. 74, 235 (1948). Note added in 
proof: Since our paper was written, the work of Mayer 
indicates that nuclei with 110 neutrons are probably not 
“magic number” nuclei but rather that nuclei with 126 
neutrons are to be so considered. 

8 C. von Weizsicker, Zeits. f. ye << 22, 319 (1944). 
Reviewed by G. Gamow and J. A. Hynek, Astrophys. J. 
101, 249 (1945), and S. Chandrasekhar, Rev. Mod. Phys. 
18, 94 (1946). 
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Fic. 2. Illustration of small capture cross sections associ- 
ated with “magic number” nuclei. Data of von Halban 
and Kowarski, Griffiths and Mescheryakov are fitted to 
Hughes’ data at 1 Mev for Ag!®’, 


constituted more than 90 percent of the planet- 
forming material, this conveniently accounts for 
the angular momentum problem in planetary 
theories. 


Ill. NEUTRON-CAPTURE CROSS SECTIONS 


When the relative abundances of nuclear 
species are plotted versus atomic weight A, as in 
Fig. 1, it is found on the average that elements of 
even A are about ten times more abundant than 
elements of odd A.® There are not sufficient ex- 
perimental data to demonstrate that nuclei of odd 
A have larger capture cross sections then those of 
even A. It is reasonable, however, to expect that 
this is so. Because of the well-known even-odd 
variation of nuclear binding energies, nuclei will 
more readily capture neutrons if the product 
nucleus is even. Feenberg” in his recent work on 
the semi-empirical theory of the nuclear energy 
surface, has arrived at the rule that odd A nuclei 
with even charge are favored to have relatively 
larger capture cross sections, which agrees with 
the observation that such nuclei are less abundant. 

Wigner and Way" have pointed out that the 
‘“‘magic number’’ nuclei should exhibit small cap- 
ture cross sections, because these nuclei exhibit 
some kind of completed shell structure on an 
isotopic number plot. In Fig. 2 are given some 
experimental data on capture cross sections versus 
the number of neutrons in the capturing nucleus, 
illustrating the small cross sections for such 


9 W. D. Harkins, Phys. Rev. 38, 1270 (1931). 
10 E, Feenberg, Rev. Mod. Phys. 19, 239 (1947). 
1 E. P. Wigner and K. Way, private communication. 
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Fic. 3. Capture cross sections measured as a function of 
atomic weight. Data of von Halban and Kowarski and 
of Griffiths are extrapolated to 1 Mev, the energy at which 
Hughes’ data are measured, by the 1/v law, from their 


—— of measurement. Mescheryakov’s data are fitted 
to ghes’ data at Ag!®’. Dotted lines are from cross 
section formulae fitted to Hughes’ results and used in 
calculations of neutron-capture theory. 


nuclei. The data are those of von Halban and 
Kowarski,!? Griffiths,’ Mescheryakov,“ and 
Hughes." In plotting Fig. 2, the first three sets of 
data were adjusted to fit Hughes’ data at Ag’®”’, 
his data being considered the most accurate in 
absolute value. 

An outstanding feature of the relative abun- 
dance data in Fig. 1 is the approximately expo- 
nential decrease in abundance with increasing A 
up to A100, with relative constancy for higher 
values of A. It is expected then that the neutron 
capture cross sections of the elements should in- 
crease rather rapidly with increasing A up to 
A100, and become essentially constant for 
higher A. The four sets of data described above 
are replotted versus atomic weight in Fig. 3, and 
it may be seen that the capture cross sections 
behave in the manner suggested. In Fig. 3, 
Mescheryakov’s data are fitted to Hughes’ value 
for Ag’®’, while the other data were extrapolated 
to 1 Mev from the energies at which they were 
measured by means of the 1/v law. Figure 3, and 
cross section data in general, indicate the validity 


12H. von Halban and L. Kowarski, Nature 142, 392 
(1938). Used 220-kev photo-neutrons produced by ThC” 
-rays in heavy water. 

1%3J. H. E. Griffiths, Proc. Roy. Soc. 170, 513 (1939). 
Used 40-kev photo-neutrons produced by Ra 7-rays on Be. 


4M. G. Mescheryakov, C. R. Acad. Sci. URSS 48, 555 
(1945). Used the 1- to 1.5-Mev neutrons from D—D 
bombardment. . 

%D. J. Hughes, Phys. Rev. 70, 106A (1946). See also 
MDDC 27, Apr. 29, 1946. Used 1-Mev pile neutrons. 


of the 1/v law for the capture cross sections of the 
elements for medium fast neutrons. We shall be 
interested principally in medium fast neutrons, 
and will accept the 1/v law, therefore, in com- 
bining cross section data. The correlation be- 
tween capture cross sections and relative abun- 
dance is further illustrated by Fig. 4, where the 
capture cross sections measured by Hughes at 1 
Mev are plotted against the relative abundance 
of the particular nuclei as given by Goldschmidt. 
It appears from Fig. 3, and from Hughes’ data 
in particular, that the cross sections of the ele- 
ments may be represented approximately by'® 


logio(o#) = — 30.886+0.03A, 


for A<100, (1a) 


(1b) 


and 


logio(cE?) =— 27.886, for A > 100, 


if o is in cm? and E is in ergs. The inclusion of E 
in Eqs. (1) implies the 1/v law, and the validity 
of the variation of o with atomic weight for all 
energies of interest here. The cross section data 
available substantially verify this latter point 
over the range of medium fast neutrons. Fluctua- 
tions from Eqs. (1) in Fig. 3 are due for the most 
part to the ‘‘magic number’’ nuclei, to the lack of 
monochromatic neutrons in most of the experi- 
ments, and to the difficulty of determining the 
absolute neutron flux. 

In the. theory to be developed, Eqs. (1) are 
used to describe the neutron-capture cross sec- 
tions of the elements. For purposes of prelimi- 
nary calculations, therefore, we have used a 
“smoothed” fit to the cross section versus atomic 
weight data, and have in fact ignored as detailed 
variations the even-odd dependence of cross 
sections, the small cross sections associated with 
the ‘‘magic number” nuclei, and the cross sec- 
tions which are known for many elements. 

One further assumption concerning the capture 
cross sections of the elements is implied. The 
nuclei built up in the process to be described 
must have been formed initially with a neutron 
excess greater than those observed, say, in the 
known Fermi-elements. In order to use Eqs. (1), 


16 If o is given in barns, and E in ev, then Eqs. (1) may 
be written 


log1o(7E#) =0.03A — 1.00, 
logio(oE*) = 2, 


for A <100, 
for A >100. 


and 
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it is necessary to assume that the instability of 


nuclei with respect to B-decay does not materially | 


affect their capture cross sections. 


IV. EQUATIONS OF THE NEUTRON- 
CAPTURE PROCESS 


We have seen that there is good evidence that | 


the neutron-capture cross sections of the elements 
played an important role in the process by which 
the elements were formed. We have also seen that 
the element-forming process must have gone on 
in the prestellar state of the universe. The process 
of element formation which is suggested is there- 
fore the following. Very shortly after the be- 
ginning of the universal expansion, the ylem!’ 
was a gas of neutrons only. These neutrons began 
to decay into protons and electrons, the density 
being sufficiently low to allow free neutron decay, 
but the temperature being sufficiently high that 
the mean thermal energy per neutron was higher 
than the mean binding energy per nucleon in 
nuclei, so that nuclei as such could not be formed. 
When the temperature decreased sufficiently in 
the expansion, the capture of neutrons by protons 
began, yielding deuterons. These nuclei in turn 
captured neutrons, and successively heavier nuclei 
were built up. The nuclei formed in this manner 
must have had large neutron excesses, and would 
therefore have undergone successive §-disintegra- 
tions into stable forms during and after the 
process of element formation. The process must 
have been terminated by the decrease in capture 
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Fic. 4. Correlation of neutron-capture cross sections with 
relative abundance of nuclear species. The cross section 
data are due to Hughes, at 1 Mev, while the relative 
abundance data for the particular nuclei are due to 
Goldschmidt. ; 


17 According to Webster's New International Dictionary, 
2nd Ed., the word “ylem”’ is an obsolete noun meaning 
“The primordial substance from which the elements were 
formed.” It seems highly desirable that a word of so 
appropriate a meaning be resurrected. 
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reaction rates resulting from the density decrease 
in the expansion, and by the decrease in the 
number of available neutrons as a result of their 
radioactive decay. 

We shall assume that temperature was silt. 
ciently high and density sufficiently low so that 
the ylem can be treated as an ideal gas. We shall 
further suppose that the collision energies be- 
tween neutrons and nuclei, and, in fact, the 
capture reaction rates, were sufficiently high that 
one may treat the neutron capture reactions as an 
equilibrium process at any instant of time. Then, 
from the kinetic theory of gases,'one may write 
for the number of neutrons captured per second 
per unit volume by nuclei of atomic weight A, 
with the collision energy in the range dE at E, 


dN,=Bm,)n,na 
XL(mty-+-m4)/ (mains) Pon, e-®"7 EAE, (2) 


where 
B=(8/xm,)*(RT)-3. 


Here ”, and mg are the concentrations of neutrons 
and nuclei of atomic weight A, respectively, m, 
and mz, are the corresponding masses, and @n,4 is 
the neutron-capture cross section of the nuclei of 
atomic weight A. The concentrations m, and m4 
are functions of time, both because of the ex- 
pansion, and because of changes resulting from 
the building-up process. As we have seen, ¢n,a is 
a function of the energy E and of the atomic 
weight A, so that the total number of transmuta- 
tions of nuclei from atomic weight A to atomic 
weight A+41, per unit volume and per unit time, 
is given by- 


Na = Baal (+A)/AP f On, ae ="*TEdE, (3) 
0 


where the mass of the nucleus of atomic weight A 
is taken as an integer A times the mass of the 
neutron. From Eq. (3) we see that the probability 
per second that a nucleus of atomic weight A will 
capture a neutron is given by 


pan,=Bn,[(1+A)/A]}} f 7 On. ae-Z*TEGE. (4) 


Substitution of Eqs. (1) for the approximate 
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capture cross sections of the elements gives 


pan, =Bn,[(1+A)/A ]*X 1.3 10-81+0.084 


xf e~Z/kT EAE sec.—, 
0 


for A<100, (5a) 
and 


pan, =Bn,[.(1+A)/A ]'X1.310-*% 


x f e~Z/kT BAdE sec.—!, 
0 


for A>100. (5b) 


For A>100, one may replace [(1+A)/A]}* by 
unity, with sufficient accuracy. Carrying out the 
integrations indicated in Eqs. (5), we find for the 
probability that a nucleus of atomic weight A 
will capture a neutron 


Pan = 1.4 X10-1940.084 


X[(1+A)/A ]*n, sec, 
for A<100, (6a) 
and 
Pann=1.4X10-*n, sec.—!, for A>100. (6b) 


It should be noted that as a result of the 
integration over all collision energies, tempera- 
ture has cancelled out as a factor in the determi- 
nation of the rate at which the capture processes 
go on. This results from the assumption that all 
the processes follow the 1/v law. Any assumption 
other than the 1/v law would have required the 
specification of a temperature. It should be noted 
that thermal dissociation of nuclei as a result of 
high energies on the “tail” of the Boltzmann 
distribution has been neglected. Although it is 
not necessary to specify the temperature, there 
are several facts which indicate what the temper- 
ature must have been during the period of ele- 
ment formation. First, as already mentioned, 
no particularly small abundances are observed 
which would correspond to those nuclear species 
known to possess very large resonance capture 
cross sections for thermal neutrons. It seems 
reasonable, therefore, that the temperatures were 
well above the resonance levels, i.e., above 10° ev. 
On the other hand, at a temperature of 1 Mev or 
higher (about 10!°°K), the energies of many of 
the neutrons would be in excess of the binding 
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energy per nucleon in the nucleus. A temperature 
of the order of 105 ev (~10°°K) seems, therefore, 
to be indicated as the correct one. 

The element-forming process suggested is one 
of successive neutron captures. In such a process 
the rate of increase of concentration of nuclei of 
atomic weight A must be equal to the difference 
between the rate at which nuclei of atomic 
weight A —1 capture neutrons and become nuclei 
of atomic weight A, and the rate at which nuclei 
of atomic weight A in turn capture neutrons and 
become nuclei of atomic weight A+1. The 
differential equations for such a process may be 
written as 


dNa/dt = pa-1MpNa_1 — PANgNa. (7) 


There is one such equation for each atomic 
weight A among the nuclear species. The quanti- 
ties 4 are the concentrations of nuclei of atomic 
weight A, and pan, the probability per second 
that a nucleus of atomic weight A will capture a 
neutron. In an exact theory Eq. (7) must take 
into account the fact that the concentration of 
nuclei will change with time because of the ex- 
pansion of the universe, entirely aside from the 
formation process, and, of course, the reaction 
rates will be affected by the expansion. The 
concentration of neutrons will change with time 
because of the expansion, and because the neu- 
trons are used up in forming the other elements, 
including protons by 6-decay. 

The first step in the element-building process is 
the formation of deuterons by means of capture 
of neutrons by protons. Now the probable num- 
ber of neutrons captured per second per unit 
volume by protons is given, according to Eq. (4), 
by 


PAN Ny = [4n,np/mi(k T) *] 


x f On, pe =/*TEdE, (8) 
0 


where gz, » is the capture cross section of protons 
for neutrons.'® This particular capture cross 
section is known not to follow the 1/v law for 
medium high energies, so that temperature does 
not cancel out completely as a parameter. On the 
other hand, if the universal expansion was 


18 See H. A. Bethe, Elementary Nuclear Physics (John 
Wiley & Sons, Inc., New York, 1947). 
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adiabatic, as indicated by relativistic cosmology,'® 
then temperature changes during the time of the 
process were small.2° Therefore the probable 
number of capture processes forming deuterons 
varied during the time of the process essentially 
only as the product m,n». 

The concentration of neutrons at a time ¢ after 
the start of the process, ”,(¢), was related to the 
initial concentration, ”,(0), except for the effect 
of the expansion, and except for the number used 
in forming other elements, as 


n(=n(e™, (9) 


where is the decay constant of the neutron. 
Since protons were formed from the #-decay of 
neutrons, the product ,m, is given by 


nn(t)np(t) =[nn(0) Pe-“(1—e-™). 


This is a slowly varying function of time, ¢, if t-is 
not long as compared to the neutron decay life- 
time. Because of the exponential decrease of 
neutrons available for building up nuclei, as a 
result of their decay, the period of element forma- 
tion must have been of the order of a neutron 
decay lifetime. With this short time to be con- 
sidered, the range of densities encountered as a 
result of the universal expansion must not have 
been very large, say, about one or two orders of 
magnitude at most. Furthermore, although neu- 
trons and protons were used in making the other 
elements, the total amount of other elements is 
now observed to be small as compared to the 
great abundance of hydrogen. As a consequence, 
we shall assume that the rate of deuteron forma- 
tion may be taken as constant, unaffected by the 
expansion and by the number of neutrons and 
protons used in making the other elements. 

One further assumption is required, namely, 
that pan,, the probability per second that a 
nucleus of atomic weight A will capture a neu- 
tron, was constant for the process. This would be 
approximately true if the density decrease caused 
by the expansion were small, and if the decrease 
in number of available neutrons were small. 

As a result of the foregoing discussion, we 


(10) 


19R. C. Tolman, Relativity, Thermodynamics, and Cos- 
mology (Clarendon Press, Oxford, 1934). 


20 The period of element formation must have lasted , 


only for a time of the order of the decay lifetime of the 
neutron. 
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write Eq. (7) approximately as 
PpNnNy=Const., 
dn2/dt = PpNnNy Poo P2NnN2, 


dn3/dt = ponyNe— P3NnNs, r (11) 





dna/dt = Pa-1N_NA—1 — PANnNa. ; 


Of Eqs. (11), the first states that the number of 
deuterons formed per second by neutron-proton 
capture is constant, whereas the second states 
that the rate of increase of concentration of 
deuterons equals the difference between the 
probable number of deuterons formed per second 
and the probable number of nuclei of atomic 
weight three formed per second. 

Solutions of Eqs. (11) satisfying the conditions 
that except for neutrons and protons, the con- 
centrations of all nuclei are zero at the start, are”! 


N2/ Np = (Ppttn/ Pan) [1 — (exp—pamat) ]. 
= (pp/P2)L1 — (exp —pamnt) ], 
N3/Ny = (Pytn/ Pann) {1—Popsmn? 
XL ((exp —Pattat)/Pamn) 
X (psttn— P2ttn)* 
+ ((exp — pattat)/Psttn) 
X (p2ttn—Pattn)* J}, 
= (pp/bs){1—pabsL((exp — pattnt) /P2) 
X (bs— po)! + ((exp— pattnt)/Ps) 
X (p2—ps)" J}, 
n4/Np = (Pp/Ps){1—Popsha 
XL((exp — pattnt)/p2) 
X (ps— Pe) "(ba— 2)? 
_ + ((exp—pattal)/bs) 
X (p2— ps)“"(Pa— Ps)" 
+ ((exp— pattnt)/s) 
X (p2—pa)"(Ps— Pa)" J}, etc., (12) 
FP secmeeny nym oo gee ey AL 
Bateman, Proc. Camb. Phil. Soc. 15, 423 (1910). In the 
case where the coefficients pam, are replaced by decay 
cutouts. YY ooeee Gable 3 sone aoe 
series. See E. Rutherford, J. Chadwick, and C. D. Ellis, 


Radiations from Radioactive Substances (Cambridge Uni- 
versity Press, Teddington, 1930). 
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TABLE I. 








Range of atomic weights 2; (sec.~1) 


1 ti=pi =0.525 x 10-7 

1 through 20 p2 =0.165 X10-¥ 
21 through 40 ps =0.628 X 10-” 
41 through 60 ps =0.249 x 1078 
61 through 80 ps =0.984 xX 10-8 
81 through 100 pe =0.392 X10-" 
101 through 120 pr =) 
121 through 140 
141 through 160 
161 through 180 
181 through 200 
201 through 220 
221 through 240 





10.695 x 10-27 





Pis= ) 








where there is obviously the additional restriction 
that no two ~’s may be equal. As indicated in 
writing Eqs. (12), each quantity pa appears with 
n, as a factor, so that except in the exponents, 7, 
cancels out on the right-hand side. Evidently the 
ratios 4/n, may be computed with m,¢ as the 
independent variable. We shall be interested only 
in relative concentrations, and since 7, is uniquely 
determined by mz, in this approximation, the 
computed ratios may as well be called 4/nn. 
When numerical values were assigned to the 
p’s, Eqs. (12) proved to be finite series of terms 
of large and nearly equal magnitude, with alter- 
nating signs. Equations (12) were evaluated to 
atomic weight 4 or 5, showing general agreement 
with the observational data. Since the computed 


ie) 


7 68 wo Bt 2 


Log Nt 


Fic. 5. Relative abundances computed by neutron- 
capture theory as a function of time. The quantity 1, is. 
the neutron concentration prevailing during the period of 
element formation. 


abundances were very small differences between 
very large numbers, evaluation of Eqs. (12) be- 
came increasingly tedious and inaccurate. To 
circumvent this difficulty, it was found necessary 
to reduce the number of equations to be solved by 
calculating only certain ones of the 24/n,, which 
we denote by 7;/n,. Separation by twenty 
atomic weight units was selected as giving a 
reasonable number of equations to be solved. The 


‘particular 7;/n, evaluated were assigned a jp; 


representing 1/20th of the mean paz for the group 
of twenty species (according to atomic weight) 
they replaced. This follows from the fact that the 
transition from selected element 7 to selected 
element j7+1, where j is interpreted as an index 
of the group of twenty represented, involves the 
successive capture of twenty neutrons. The effect 
of this simplification was to require solutions of 
12 equations only, of the form 


(13) 


The quantities j; used in the calculation are given 
in Table I. Even with this simplification, solution 
of Eq. (13) in the form of Eqs. (12) could not be 
carried out for more than the first few values of j, 
because of the rapid exponential decrease of rela- 
tive abundance with increasing 7. Consequently 
Eq. (13) was integrated numerically. 

Solutions thus obtained are given in Fig. 5, in 
the form log(/;/n,) versus log(nnt). The quanti- 
ties 7i;/n, correspond to the desired relative 
abundances, except, of course, for an arbitrary 
additive constant. The set of computed relative 
abundances corresponding to log( at) = 17.91, i.e., 
Nyt =0.81 X10!8 sec./cm*, was selected as giving 
the best representation of the observational data. 
This set of solutions is compared in Fig. 6 with 
the observed relative abundance data. A constant 
was added to the computed values to adjust 
theory and data at H'. Although each computed 
vi;/n, value represents a range of twenty in 
atomic weight, a smooth curve has been drawn 
through the points as indicative of the result of a 
step-by-step solution for each atomic weight. 

For all practical purposes, there are no further 
relative changes between successive 7i;/n, with 
increasing ”,¢ after m,t reaches a value of about 
1.510" sec./em*. Certainly by mt5X10# 
sec./cm’ there is no further change in relative 


di ;/dt = pj: _Kj-1 — PjmaN;. 

















abundance, and the solutions as set up in this 
preliminary form have attained saturation. 

Determination of the best fit of computed rela- 
tive abundances is very sensitive to the choice of 
n,t, as is evident from Fig. 5. To illustrate this 
sensitivity, sets of solutions for ”,t=0.5110'8 
and 2,t=1.3X10!8 are shown on Fig. 6. These 
values are clearly well above and well below the 
best fit given by 1,t=0.81 X10'* sec./cm*. Rela- 
tive abundances corresponding to saturation, ac- 
cording to the present computations, are also 
indicated on Fig. 6. In a more exact treatment of 
the element-forming process, one should take 
into account completely the effect of the universal 
expansion and the diminution resulting from 
radioactive decay and from capture by nuclei, of 
the number of neutrons available. The result of 
this may be reasonably expected to be that the 
best fit to the observational data will correspond 
to the saturation of the neutron-capture process. 

The dependence of the fit of theory to observed 
abundance data on the probabilities j; may be 
illustrated in two ways. First, let us assume that 
all quantities j; were too small by a factor of 10. 
It may be seen from the form of Eqs. (12) that 
any factor common to all j; would cancel every- 
where except in the exponents of the (exp — 7,1) 
terms. In the exponents, on the other hand, if one 
compensates an error in all j; by multiplying 
them by 10, the value of the exponent can be 
maintained unchanged by multiplying nt by zo. 
The net effect on the theory is to change the 7,/ 
value for best agreement of the theory by a factor 
of 10, which is not a serious effect in this sort of 
preliminary examination of the problem. The 
effect of an error in a particular j; may be more 
noticeable. One may estimate such effects by 
comparing the theoretical abundance curve with 
the detailed features of the observational data. 
For example, Pb? is about ten times more 
abundant than the computed value. However, in 
Fig. 3, we see that at 1 Mev the capture cross 
section of Pb?’ is about 100 times less than the 
average heavy element value used. Hence an 
error of a factor of 100 in the capture cross 
sections appears to lead to an error by a factor of 
the order of 10 in the computed abundances. 


V. INTERPRETATION AND DISCUSSION 


Before discussing the results of the neutron- 
capture process, it is pertinent to examine the 
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Fic. 6. Comparison of relative abundances computed by 
the neutron-capture theory with Goldschmidt’s relative 
abundance data. The best fit is for 2,¢=0.81 X10" sec./ 
cm’. The other curves illustrate the sensitivity of the best 
fit to the value of ,t. The “saturation” curve represents 
the relative abundances had the process as formulated 
continued for an indefinite period. 


early state of the expanding universe by means of 
a currently accepted cosmological model. It can 
be shown?!® for an expanding universe in which 
the material is considered to be a perfect fluid, 
and in which radiation is neglected, that the time 
rate of change of any linear dimension, /, is re- 
lated to the mean density of matter, p, in the uni- 
verse, by the equation 


d(1/lo) /dt = [(8aGpl?/3lo?) — (c?/ Ro?) }tsec.', (14) 


where c is the velocity of light, G is the constant 
of gravitation, and-J) and Ro are constants of 
dimension length whose values are fixed ac- 
cording to the currently observed features of the 
universe. If we use Hubble’s universal expansion 
rate,” k=1.8X10—7 cm/sec./cm, the present 
mean density of matter in the universe, p=~10-*° 
g/cm’, and set /=],=10" cm, i.e., the side of a 
cube currently containing one gram of matter, 
then we find from Eq. (14) that Ro=1.67 
X10°7(—1)! cm. The quantity Ro is interpreted 
as the radius of curvature of the space. Thus the 


2E. Hubble, The Observational Approach to Cosmology 
(Clarendon Press, Teddington, 1937). 
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cosmological model is an open one, a model which 
expands monotonically to infinity. 

If we replace p by 1//*, Eq. (14) can be inte- 
grated ; if it is assumed that linear dimension /=0 
when ¢=0, then one obtains 


t= (—ab*)![(p4+—ap)! | 
+a sinh(—a-"p+)*], (15) 
where 
a=(8"GR,*)/(3cel,), and b=(8rG/3)-}. 


Expanding the two terms in Eq. (15) in series, 
and combining terms, one obtains 


t= b[ (2/3p}) + (1/S5ap*/*) 
+ (3/28a?p7/*) +--+]. 


The expansions are valid for 
(—1/ap')? <1. (17) 


Inserting numerical values for Ro and /, we find 
that Eq. (16) becomes 


t=8.9 X10%p-?— 1.54 K 10-5p-5/6+ ---, 


where the condition for validity of the expansion 
is that 


(16) 


(18) 


p>1.94X10-* g/cm’. 


For densities greater than 10~!* g/cm* we can 
write, with sufficient accuracy 


t=8.9X 10% sec., (19) 


where p is in g/cm, It is interesting to note that 
Eq. (18) corresponds to the first term in Eq. (16), 
which term does not contain the radius of 
curvature Ro. 

With the aid of the foregoing, it is possible to 
obtain some estimates of the physical conditions 
of the ylem, and of the matter in which the 
elements were formed. In making these prelimi- 
nary calculations, it was assumed that the 
neutron concentration was constant, and, in fact, 
we found that the theory best represented the 
observed relative abundance data with a value 
nt =0.81X10'* sec./cm*. This quantity admits 
of a rough interpretation, namely, as the product 
of the arithmetic average neutron concentration 
during the process times the time duration of the 
process. Actually the neutron concentration must 
have decreased at least exponentially with time 
during the process and an arithmetic average is 
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therefore rough. We write 


ti 
Nnt = (Mn) wAt= f n,dt, (20) 
‘ to 


thereby defining the average m,. In Eq. (20) t 
and é, are the starting and ending time of the 
process. Considered either by weight or by rela- 
tive number of nuclei, hydrogen is now observed 
to be predominantly abundant in the universe. 
The number of neutrons and protons used in 
making the heavier elements must therefore have 
been small. To obtain an estimate of the initial 
density and starting time for the process, we 
neglect, in first approximation, anything other 
than neutrons and protons. According to the law 
of radioactive disintegration, the total number of 
neutrons in the universe at any time ¢ is given by 


N,(t)=N.(0)e™, (21) 


where NV,(0) is the number of neutrons at time 
t=0 and ) is the neutron decay constant. Cor- 
respondingly the number of protons is 


N p(t) =N.(0)— N22). 
The density of matter at time ¢ is 
p(t) =mLN,(0)/V()], 


with V(t) the volume of the universe at this time 
and m the mass of a nucleon. The neutron con- 
centration at time ¢ is given by 


nn=N,(t)/V=[N,.(0)/V Je = (p/m)e™. 
We find that 


(22) 


(23) 


(24) 


t1 
f (p/m)e-dt = (itn) wAt 
t 
; =0.81 1018 sec./cm*. 


(25) 


The particular cosmological model we have 
chosen leads to Eq. (19) relating universal density 
and time. Substituting Eq. (19) into (25), we 
have 


ty 
f (e-/12)dt=1.68X10-". (26) 
to 


This can be integrated to give 


(e-7°/79) — (€-*!/171) + E;( — 70) 
—Ej(—71) =1.68X10-", (27) 


where r=, \ being the neutron decay constant. 
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If we assume that the process of element forma- 
tion took a time of the order of one neutron 
lifetime (latest estimate about 1800 sec.) then 
Eq. (27) gives for the starting time of the process 
on the time scale of the particular cosmological 
model used?* 


7913.8, 


According to Eq. (19) the density of matter at 
this time was 


or t&2.5X104 seconds. (28) 


poX=1.3 KX 10-3 g/cm’. (29) 


With this density, and a temperature of the order 
of 10°°K (10° ev), it is clear that our treatment 
of the ylem as an ideal gas was justified. In addi- 
tion, at this temperature one does not need to 
consider relativistic effects for neutrons, protons, 
and nuclei. 

Although the starting time and initial density 
given above are only order of magnitude quanti- 
ties, they are nevertheless in seeming contradic- 
tion with the qualitative description of events 
prior to and during the process. Equation (19) 
clearly indicates that with this cosmological 
model, the density of matter should have dropped 
sufficiently in a time of the order of seconds after 
the beginning of the expansion to permit the 
radioactive decay of neutrons to begin. Then, at 
a time of the order of 10‘ seconds later, there 
would have been very few neutrons left to initiate 
and carry on the neutron-capture process. If the 
cosmological model leading to Eq. (19) is correct, 
the starting time of the process must have been 
several orders of magnitude earlier than 10‘ 
seconds. 

In addition, we have seen that the temperature 
during the element-forming process should have 
been of the order of 10° ev, or about 10°°K. At 
this temperature, the density of black body 
radiation would have been 


Pradiation = 0.841 X 10-**7410 g/cm$, 


Thus if radiation were present, then the radiation 
density exceeded the density of matter by many 
orders of magnitude. It would therefore appear 
that radiation was dominant in determining the 
behavior of the universe in the early stages of its 


(30) 


_ *%Itshould be noted that values of the function — Ei(—<x) 

in the range 15<x<20 in steps of 0.1 are tabulated by 

io 6) Herman and C. F. Meyer, J. App. Phys. 17, 258 
6). 
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expansion, and the cosmological model which has 
been introduced is probably incorrect. 

Preliminary calculations of a cosmological 
model involving black body radiation only*‘ (the 
effect of matter on the behavior of the model 
being negligible in the early stages because of the 
great difference between radiation and matter 
density) indicate that at some 200 to 300 seconds - 
after the expansion began the temperature would 
have dropped to about 10°°K, at which time the 
neutron-capture process could have begun. In 
such a model the density of radiation varies as 
1/#, whereas the density of the small quantity of 
matter present varies as 1/t}. 

Whatever the correct cosmological model may 
be, it seems clear that the temperature change 
during the relatively short time taken by the 
process must have been small. This is particularly 
significant in view of the relative scarcity in the 
universe of the isotopes of Li, Be and B (see 
Fig. 1). This scarcity applies to terrestrial ma- 
terial as well as to the universe as a whole. If 
these elements were plentiful on earth, then their 
scarcity in stellar material would be readily ex- 
plained. In stellar interiors, these elements in 
particular! have very short lifetimes for thermo- 
nuclear reactions with protons. Consequently 
they should be scarce in stars. But the fact that 
they are scarce on earth means that if the 
primordial matter involved in forming the planets 
did not have an intervening existence in a stellar 
configuration, then these elements emerged from 
the prestellar state with their present character- 
istic scarcity. 

Relativistic cosmology indicates that the ex- 
pansion of a general non-static model must be 
considered as adiabatic. Then, for a universe of 
matter only, temperature varies with time as 
T matter <¢~*/* and with a radiation universe 
Tradiation <¢-*. Starting, in both cases, with 
T =10°°K, and with t22.5 X10‘ seconds in the 
first case, and with tpS¢250 seconds in the second 
case, we find that for a process time of the order 
of the neutron half-life, the temperature will have 
dropped only by a factor of about ten. Now at 
10°°K, thermonuclear reactions of the various 
isotopes of Li, Be, and B with protons could go 
on at an appreciable rate. It is therefore sug- 


*R. C. Tolman, Phys. Rev. 37, 1639 (1931). 
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gested that the scarcity of these elements is a 
result of a period of thermonuclear reactions 
following the neutron-capture process, and prior 
to the formation of stellar configurations. 

We have already pointed out that the nuclei 
formed during the neutron-capture process must 
have had a considerable excess of neutrons, and 
consequently must have undergone §-disintegra- 
tions during and after the process. For a given 
atomic weight, one would expect the successive 


disintegrations of such nuclei to have stopped. 


when a nucleus of the lowest possible charge con- 
sistent with stability was reached. It is pertinent 
to note, therefore, in the relative abundance 
data, that as a rule the most abundant of a group 
of isobars is generally the one with lowest 
charge.”® Thus in Goldschmidt’s tabulation, ex- 
cluding the noble gases, there are 41 sets of stable 
isobars heavier than atomic weight 64, of which 
in 33 cases the nuclei of lowest charge are pre- 
dominantly abundant. These data in themselves 
suggest that the abundance distribution with 
respect to atomic number was established in final 
form by §-decay processes, and, in fact, that the 
elements were formed by a neutron-capture 
process. 

Critchfield and Smart, in examining the 
problem of §-disintegrations associated with the 
process of successive neutron-captures, have con- 
cluded that in general nuclei can consist of no 
more than about 70 percent neutrons; the next 
neutron added to the nucleus would not be 
bound. At this limit of neutron content, they 
estimate that 8-decay lifetimes would be of the 
order of a 0.1 second. On the other hand, the 
time lapse between successive neutron captures 
in the element-forming process which has been 
described is given by the reciprocal of pann, the 
probability per second that a nucleus of atomic 
weight A will capture a neutron. For a density of 
10-* g/cm’, this time between captures is larger 
than 0.1 second, so that the process could go on 
with nuclei well below the limit of neutron con- 
tent. 

According to the approximate theory pre- 
sented, there is no reason why elements of larger 


% This has also been pointed out by F. C. Frank, Proc. 
Phys. Soc. London 60, 212 (1948). 

%C. L. Critchfield and J. S. 
munication. 


Smart, private com- 
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and larger atomic weights might not have been 
formed by successive neutron captures. However, 
the increase of spontaneous and induced fission 
cross sections with increasing atomic weight 
among the heaviest nuclei effectively precludes 
this. Subjecting elements heavier than uranium 
to a flux of neutrons at 10° ev would certainly 
have prevented any reasonable natural abun- 
dance for these elements. However, there is still 
the possibility that heavier elements were formed, 
to exist for a short time, and then undergo 
fission. The material which went into the “‘tail’’ 
of the abundance plot, for atomic weights greater 
than about 240, should then be found redis- 
tributed at lower atomic weights according to the 
fission yields of these elements. Published fission 
yield data”’ show very little dependence on the 
atomic weight of the parent element. For ele- 
ments of the order of 230 to 240 in atomic weight, 
mass yield curves have definite maxima in the 
neighborhood of atomic weights 93 and 139. The 
peaks are broad, about 10 atomic mass units wide 
at 80 percent to 90 percent of the peak yield. 
Examining the abundance data on Fig. 1, we find 
in the neighborhood of these atomic weights 
abundance peaks which were previously inter- 
preted as arising from the small capture cross 
sections of the nuclei there. It is possible, then, 
that the large abundances for these atomic 
weights are the superimposed result of the two 
different processes. Because of the expected low 
capture cross sections at atomic weights of the 
order of 93 and 139, fission products arriving in 
these regions would tend to accumulate there, 
rather than to capture neutrons and be redis- 
tributed over the higher atomic weights. Those of 
the transuranic elements formed which do not 
undergo neutron-induced fission would neverthe- 
less have been unstable with respect to spontane- 
ous fission or a-decay. In the latter case, abun- 
dances in the region of uranium would be 
enriched by disintegration products from the 
“tail’’ of the abundance plot. 

Several difficulties which arise with the neutron- 
capture process have not yet been described. The 
first of these is that it appears to be impossible to 
build past atomic weights 5, 8 and 11 by a 


27C, Goodman (Ed.), The Science and Engineering of 
re a Power (Addison-Wesley Press, Inc., Cambridge, 
1947). 
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process of successive neutron captures alone, be- 
cause of the absence of stable nuclei at these 
atomic weights. However, because of the high 
temperature, reactions with deuterons or with 
tritons may be reasonably introduced for the low 
Z nuclei, and thereby make it possible to bridge 
these gaps. A similar problem arises with the 
radioactive species in the gap between lead and 
thorium and uranium. Some of the decay products: 
from uranium, thorium, etc., in this region have 
extremely short a-decay lifetimes, i.e., short com- 
pared with the time between successive neutron 
captures. In order to have nuclei of these atomic 
weights present to permit neutron captures suc- 
cessively to uranium, it is necessary to assume 
that these short-lived a-emitters were formed 
with neutron excess, and that several B-decay 
steps separated them from the a-emitting state. 
If the B-decay rates were sufficiently long, then 
such nuclei could have been present during the 
process in sufficient quantity. 

There is in addition the problem of the so- 
called ‘‘shielded” isotopes. The neutron-capture 
process built up elements according to an atomic 
weight scheme. The distribution with respect to 
atomic number was presumably established later 
by B-decay. However, with nuclei formed with a 
neutron excess, B-decay would stop at the stable 
nucleus of lowest Z. The theory which has been 
described does not yet explain, then, why one 
finds sets of stable isobars, since transitions from 
a nucleus 7X4 toa nucleus z,1X4 are not allowed 
if zX4 is stable. 

Finally, the correlation of abundance peaks 
with small capture cross sections may appear 
rather too exact, in view of the fact that the 
nuclei formed in the process must have had some 
neutron excess. Consequently, a ‘‘magic number” 
nucleus with 50 neutrons, for example, may have 
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been f-unstable, and one should therefore corre- 
late abundance peaks with nuclei now containing, 
say, 47 neutrons. This may not be a serious 
problem, however, since both the abundance 
peaks and the range of atomic weights in which 
‘“‘magic number’ nuclei lie are broad, and a dis- 
placement by several units in atgmic weight 
could be tolerated. This would imply that when 
the nucleus formed differed from a stable con- 
figuration by more than several successive 
B-disintegrations, the decay rates were fast com- 
pared to the time between successive neutron 
captures. A similar criticism applies to the 
correlation of the even-odd periodicity in abun- 
dance with an even-odd variation in capture 
cross sections, since proton-neutron ratios were 
different during the period of successive neutron 
captures. For application of the even-odd correla- 
tion, it appears to be necessary to assume that as 
a general rule the number of successive §-dis- 
integrations undergone by nuclei was even. 

Further studies are now being carried on of the 
cosmological model required by the neutron- 
capture process. In addition, equations for the 
process are now being integrated in which neutron 
decay and the universal expansion are explicitly 
included. 
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An investigation of the He*/He‘* abundance ratio in helium extracted from the atmosphere, 
gas wells and a number of minerals has been made. Wide variations in this ratio are observed 
indicating that a more comprehensive program would be well worth while. He? is observed in 
all sources of helium except radioactive minerals. This suggests the possibility of a primordial 
source as well as more recent sources for this isotope. 





T was found in 1939 by Alvarez and Cornog! 
that He* existed in nature and that its 
abundance in atmospheric helium was approxi- 
mately ten times as great as that in well helium. 
In view of the great interest in the origin of 
helium and particularly He® it seemed worth 
while to examine the helium found in a variety 
of sources, both mineral and gaseous. 


APPARATUS 


The isotope analyses were made with a 60° 
mass spectrometer resembling in many respects 
one already described.? It differed in the follow- 
ing: (a) The ion source employed an additional 
focusing plate mounted between J; and Gi. Ge 
and D were omitted, the spacing between G, and 
G; was 9 mm and the slits in G; and G3 were 0.008 
inch and 0.004 inch wide, respectively. (b) A 
single ion collector was used. The collector slit 
could be varied in width by means of a sylphon 
bellows adjustment. In most of the present work 
the slit width used was 0.007 inch. The usual 
secondary electron suppressor plate was present 
between the slit and the collector. Normally this 
plate would be operated at a negative potential, 
but since in this work high sensitivity was es- 
sential, the plate was operated at a positive po- 
tential of 45 volts above ground. This increased 
the sensitivity by using the collector plate as an 
electron multiplier. Since the multiplying effect 
depended slightly upon the mass of the ion, a 
correction was applied. (c) The feedback ampli- 
fier used a General Electric FP-54 electrometer 

* A preliminary report of this work was given at the 1948 
Washington meeting, Phys. Rev. 74, 1225 (1948). 

** Present address, Department of Physics, University of 
Missouri, Columbia, Mo. ‘ 

1L. W. Alvarez and R. Cornog, Phys. Rev. 56, 613 


(1939) ; 56, 370 (1939). 
2A. O. Nier, Rev. Sci. Inst. 18, 398 (1947). 


tube in its first stage. By means of sylphon 
operated switches in the electrometer tube 
housing the grid resistor could readily be chosen 
to be 108, 10° or 10!2 ohms. 

For normal operation of the spectrometer a 
sample of at least one standard cc was found de- 
sirable. If smaller samples were used the pressure 
decrease during a run was intolerable since the 
instrument consumes one-half standard cc per 
hour. For some of the gaseous samples as well as 
the spodumene the amount of helium available 
was considerably less than that required for nor- 
mal operation. For these samples the mass 
spectrometer fore pump was replaced by a liquid 
nitrogen cooled charcoal filled trap. In this type 
of operation only 0.01 standard cc of helium is 
required since the,sample is continuously circu- 
lated by connecting one end of the trap to the 
main diffusion pump and the other to the gas 
inlet system of the ion source. However, this type 
of operation did not permit as high an operating 
pressure in the spectrometer so that the sensitivity 
is somewhat reduced. Unquestionably, further 
alterations could be made to give the full 
sensitivity but time did not permit their develop- 
ment before the present study had to be con- 
cluded. 

Figure 1 shows the helium gas extraction and 
purification system used. The vacuum furnace 
held up to 500 grams of mineral and could be 
heated to at least 1100°C. For radioactive min- 
erals which contain large amounts of helium a 
direct fusion furnace similar to that described by 
Evans’ could be employed. The same gas purifi- 
cation apparatus was used for mineral and gas 
well samples. 


3R. D. Evans, Rev. Sci. Inst. 6, 99 (1935). 
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RESULTS 


Because of the large percentage mass difference 
of He* and He‘ the possibility of systematic error 
in the He*/He* abundance ratio always exists in a 
mass spectrometer due to discrimination in the 
instrument. For this reason a certain atmospheric 
helium sample was used as a standard and all 
ratios given in this paper were computed as- 
suming the He*/He?‘ ratio for the standard to be 
12X10-’. During the two years that elapsed 
since this study was begun the instrument gave 
values for this ratio varying from 10 to 17 X107’. 
At present the absolute accuracy of the instru- 
ment is not well enough known to warrant 
choosing a better value for this ratio. It is be- 
lieved that for He*/He‘ ratios greater than 
5 X10~’ the precision of the spectrometer analyses 
is of the order of 10 percent. For ratios less than 
this the relative error may be as great as 30 
percent. 

In Fig. 2 are copies of recorder tracings showing 
typical spectra in the mass 3 region for well and 
atmospheric helium. Although the partial pres- 
sure of hydrogen in the instrument due to residual 
gas in the vacuum system or to impurity intro- 
duced with the sample was normally less than 
10-* mm, there was sufficient sensitivity to pro- 
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duce an HD* peak of the size shown. This ion 
differs in mass from He? by one part in 510. The 
resolving power was such that analyses were 
possible whenever the He*® peak was at least 10 
percent of the residual HD peak. Occasionally, as 
in the particular well helium spectrum shown, a 
small peak on the high mass side of HD appeared. 
Since it did not interfere with this study its origin 
has not been investigated thoroughly. 

Table I gives the He*/He* abundance ratio in 
helium from various minerals. No He?’ peak could 
be detected in helium extracted from radioactive 
ores and the upper limit set for its abundance was 
determined by the amplifier noise level at the 
time the work was done. For the beryls the 
mineral samples were divided in half and a com- 
plete run including gas extraction, purification 
and analysis made on each half. Excellent agree- 
ment was obtained for the two runs in each case 
indicating that the variations listed are real. 
While only one complete run was possible on each 
of the spodumene samples, the ease of extraction 
of the gas and the relatively large He*® peak ob- 
served enables one to have real confidence in the 
results obtained. 

Table II gives the He*/He‘ abundance ratio in 
helium from several gaseous sources. Wide varia- 
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TABLE I. He*®/He‘ abundance ratios in helium from 


L. FT. ABEDRICH AND. A. Oo. NIER 


various minerals. 


TABLE II. He?/He‘* abundance ratios for helium from 
gaseous sources. 























Mineral Location He?/He* X10? Location Gas He?/Het X107 
Radioactive ores Stamford, Connecticut Air 12.0 
BL di Hi N 0.2 Rattlesnake Well, New Mexico Natural gas well 0.5 
Pitchblende —— penny er a Fa pn *Amereda State Well, Lea County, Natural gas well 3.0 
. ; ° ew Mexico 
— ae , nme = *Gulf Cs As non Well, Lea Coun- Natural gas well 5.0 
onazi Ae P 4 ty, New Mexico 
Uraninite Joachimsthal, Czechoslovakia .3 Boggs A-2, Barber County, Kansas Natural gas well 0.5 
Non-Radi . Miles A-7, Kingman County, Kansas Natural gas well 0.5 
on-Radioactive ores Ous Field, Rush and Barton County, Natural gas well 2.0 
pat > behav be. Eeilicy’ i viniend ot Excel Plant, West Panhandle, Texas Natural gas well 1.5 
Beryl Keytone, South Dakota, U.S.A. 1.2 Cliffside Well, Amarillo, Texas Natural gas well 1.5 
Beryl Spruce Pine, South Carolina, U.S.A. 17 *Austin Storage Field, Michigan Natural gas well 1.0 
Beryl Jokkmokk Parish, Lapland, Sweden 1.8 *Norwich Field, Newaygo County, Natural gas well <2.5 
Beryl Audabon, Maine, U.S.A 3.0 Michigan ss 
Beryl West Rumney, New Hampshire, U.S.A. 12.0 *Riverside Well, Kent County, Natural gas well <2.0 
*Spodumene Cat Lake, Manitoba, Canada 24.0 Michigan 
*Spodumene Edison Mine, South Dakota, U.S.A. _—_120.0 —- Field, Clare County, Natural gaswell <1.0 
ichigan 








* Analyzed by continous circulation method described in section’ on 
apparatus. 


tions in this ratio are seen to exist. Since only 
small amounts of gas were immediately available 
at the time the work was done, the analyses of 
some of the samples could only be made using the 
continuous circulation method. The fact that He*® 
was not observed in the last three samples was 
probably due to the lower sensitivity obtained 
when this method is used. 

An examination of the mass 5 position for 
atmospheric helium and one of the well helium 
samples indicated a small peak having an abun- 
dance of the order of 1/1,000,000 that of the He* 
peak. An investigation of this peak indicated that 
in all likelihood it was due to HeH* formed in the 
spectrometer and that if He® should exist its 
abundance cannot exceed 1/5,000,000 that of He‘. 


DISCUSSION 


Since the discovery of helium, its origin has 
been a subject of considerable discussion. While 
the amount of helium occuring in the lithosphere 
is not so large that it could not be attributed 
entirely to radioactive decay, the possibility of a 
primordial source cannot be excluded.‘ The dis- 
covery that He’ not only existed in nature but 
also that its abundance in atmospheric helium 
was considerably greater than in well helium! 
indicates that there are independent sources of 
the two isotopes. 

Hill,® in 1941, proposed that He* was the decay 
product of H* formed in the bombardment of Li® 


4G. S. Rodgers, Prof. Paper 12 1, U.S. Geological Survey, 


(1921). 
5R. D. Hill, Phys. Rev. 59, 103 (1941). 








* Analyzed by continuous circulation method described in section on 
apparatus. 


in the lithosphere by neutrons associated with 
cosmic rays in the reaction Li®(m, a)H®. Similarly, 
Libby* has suggested the reactions N'4(m, C!”)H, 
N'(n, 3a)H’, as a possible explanation of the 
higher He* abundance in the atmosphere. Morri- 
son’ has suggested that the atmospheric He* does 
in fact originate as a result of such cosmic-ray 
processes, and that present data indicate that 
this source is adequate to supply the amount ob- 
served even though helium is in all likelihood 
continuously lost from the atmosphere. He as- 
cribes the gas-well He’ to the neutron capture by 
lithium in the rocks, with the neutron source 
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Fic. 2. Mass spectra in mass 3 region for well helium and 
atmospheric helium. He‘ ion current 2X10-* amperes for 
both spectra. 


*W. F. Libby, Phys. Rev. 69, 671 (1946). 
7 P. Morrison, private discussion, April 29, 1948. 
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TABLE III. Data on gas from beryls. 








Scc Radio argon* 





He?/Het Sec Hi - 
Location Scc He/g wh s<10 Ve Sce argon g beryl nesead ‘on 
Erapyha, Erajarvi, Finland 0.018 0.6 0.01 0.13 2.0 14 
Lemnis, Kimito, Finland 0.011 0.5 0.005 0.33 <0.2 14 
Keystone, South Dakota, U.S.A. 0.022 1.2 0.03 0.04 <0.2 14 
Jokkmokk Parish, Lapland, Sweden 0.023 1.8 0.04 1.0 25 10 
West Rumney, New Hampshire, U.S.A. 0.004 12.0 0.05 0.1 1.0 4 








* Computed on basis that the ‘‘ordinary’’ argon present has the isotopic composition of present day atmospheric argon. 


being the known (a,) reactions in ordinary 
igneous rock. 

The abnormally large amount of helium found 
in beryl® makes this mineral one of special 
interest for this study. Table I indicates a wide 
variation in the He*/He‘ ratio depending upon 
the location from which the mineral was ob- 
tained. In order to learn more about the He’ con- 
tent of the minerals a more complete investiga- 
tion of five of these, samples was made. In this 
study an analysis of the total gas evolved from 
the beryl was made including a quantitative 
determination of the helium contained per gram 
of mineral. The analyses showed argon to be 
present in varying amounts in all five samples. In 
view of the recent discovery? that potassium 
minerals do indeed contain excess A* due to the 
decay of K® to A® by K electron capture, it 
seemed worth while to make an isotopic analysis 
of the argon in these samples. 

Table III lists some of the results of this in- 
vestigation. It is seen that in spite of the fact that 
the He*/He‘ ratio varies by a factor of over 20 in 
this group of samples, the absolute He* content 
per gram of mineral does not vary systematically 
with this ratio. Moreover the absolute He® con- 
tent in minerals of the same age varies nearly as 
much as the total variation in all the samples. 
The absolute radiogenic A® content does not 
appear to be correlated with any other factor. 
The Swedish beryl is of particular interest. Its 
radiogenic A® content is greater than that found 
in any comparable sample of potassium mineral.° 
It contained a slight impurity of mica, a potas- 
sium mineral, but not nearly enough to account 
for the amount of A” present. Without more 
specific information concerning the pegmatite 
from which the sample was obtained the data 


8R. J. Strutt, Proc. Roy. Soc. 80A, 572 (1907). 
§L. T. Aldrich and A. O. Nier, Phys. Rev. 74, 876 (1948). 


implies the presence of potassium in the magma 
from which the beryl crystallized. Moreover, this 
suggests that the helium like the argon in the 
beryl could have its origin in the magma. 

The results on spodumene (Table I) are of 
special interest since the He*/He‘ ratios in the 
two samples examined were the highest of any 
natural sources of helium examined, including 
atmospheric helium. This suggests the possibility 
that some of the He* found here could have its 
origin in the nuclear reaction Li®(n, a)H*. How- 
ever, if this is the case, no definite conclusion as 
to neutron source can be made. The Canadian 
sample, having the lower He*/He‘* ratio, was 
taken fresh from the surface of the earth while 
that from South Dakota was mined 20 to 30 feet 
below the surface. The absolute He* content per 
gram of mineral in both samples was approxi- 
mately 0.01X10-’ scc/g, a value comparable 
with that found for the beryls. 

The data on the well helium samples are too 
incomplete at present to draw conclusions about 
the origin of either He‘ or He? in natural gas wells. 
It was observed that in every case where a 
thorough search was possible He*® was detected. 
In four of the samples, 2, 7, 8 and 9 of Table II, 
the helium content was known from U. S. Bureau 
of Mines analyses. As in the case of the beryls the 
absolute He* content among these samples did 
not vary as much as the absolute He‘ content. 

The present study can hardly be regarded as 
more than a preliminary exploration of a new and 
fascinating field of investigation. It is apparent 
that a far more comprehensive and systematic 
study will be required to definitely establish the 
natural sources of He* and Het. Included in such 
a program should be an investigation of the 
helium from the upper atmosphere and that from 
meteorites. 
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The differential cross section for the elastic scattering of deuterons by deuterons has been 
obtained in the energy range from 1 to 3.5 Mev. The observed yields were corrected for the 
counted particles produced in the D—D reactions and for those scattered by contaminants by 
using the results of other experiments. The resultant elastic cross sections are probably accurate 


to about 2.5 percent. 


CATTERING experiments have been a re- 
markably fruitful source of information about 
nuclear forces; and, in general, one might say 
that the importance of the information and the 
ease with which it can be obtained decreases as 
the complexity of the particles involved in- 
creases. From this point of view the deuteron- 
deuteron combination is the most promising one 
not previously investigated in the energy range 
available to the Minnesota Van de Graaff gener- 
ator, since careful work has been done on proton- 
proton’? and proton-deuteron® scattering. We 
have measured, as described in this paper, the 
deuteron-deuteron elastic scattering cross section 
as a function of angle and energy from 10° to 45° 
Laboratory, 


*Present address: Argonne National 


Chicago, Illinois. 
1R. G. Herb, D. W. Kerst, D. B. Parkinson, and G. J. 


Plain, “gh Rev. 55, 998 (1939). 

2]. M. Blair, G. Freier, E. E. Lampi, W. Sleator, J. H. 
Williams, Phys. Rev. 74, 553 (1948). 

3 R. Sherr, J. M. Blair, H. R. Kratz, C. L. esis R. F. 
Taschek, Phys. Rev. 72, 662 (1947). 


(in the laboratory system) and from 1 Mev to 
3.5 Mev. 


EXPERIMENTAL METHOD 


These data on the scattering of deuterons by 
deuterons were obtained with the same apparatus 
and by the same method as the data on the 
scattering of protons by protons presented in a 
recent paper.? A well-collimated beam of deu- 
terons, accelerated by the Minnesota electro- 
static generator, was passed through a chamber 
containing deuterium gas at a pressure of about 
one centimeter of mercury. The intensity of this 
beam was measured by allowing it to pass from 
the gas through a 0.0002-inch Nylon: window 
into an insulated cup in an evacuated region. 
A fraction of the deuterons scattered from a 
small, well-defined volume in the center of the 
chamber passed through a slit system and 
through a Nylon window into a proportional 
counter. The factors for obtaining the scattering 











cross section from the number of deuterons 
counted per microcoulomb of beam passing 
through the chamber were the same as those 
used in the previous work. 

However, in order to determine the deuteron- 
deuteron scattering cross section, the data so 
obtained must be corrected for the particles 
which originate in the deuteron-deuteron dis- 
integrations, and for the proton-deuteron scatter- 
ing caused by a small moiecular hydrogen con- 
tamination in the deuteron beam and by a 
hydrogen contamination in the deuterium in the 
scattering chamber. The disintegration products 
could be distinguished from the elastically scat- 
tered deuterons by differences in range and 
differences in the size of the pulses produced in 
the proportional counter. From the known energy 
release in the H?+-H*—He*+2+3.24 Mev and 
H?+ H?—H!+ H?+3.98 Mev reactions and the 
use of a McKibben diagram,‘ one can obtain 
the energy, and hence the range and rate of 
energy loss by ionization, of the He*, H', and H® 
for each angle and each deuteron energy at 
which data are to be taken. From this informa- 
tion one can establish which particle is responsible 
for each step in the bias curve which is obtained 
from the amplified pulses from the proportional 
counter. A typical example of such a counting 
rate vs. bias curve is shown in Fig. 1. 

The bias curves obtained at some angles and 
energies were slightly different from the one 
shown in Fig. 1 due to the variations in the 
relative ranges and ionizing abilities of the 
various particles, but it was always possible to 
determine which portion of the counts was due 
to the scattered deuterons. In the curve shown 
the pulses counted at the highest discriminator 
bias (a) are those due to the He’. The second rise 
in the curve (b) is due to deuterons scattered by 
protons which enter the chamber as HH-+ ions, 
and to deuterons from the beam which have 
made small angle collisions with hydrogen atoms 
in the scattering chamber. The protons in the 
beam have energies equal to half the generator 
voltage and, also because of the greater mass of 
the deuteron, result in scattered deuterons which 
are of lower energy than those scattered by other 
deuterons. at that angle. Since, in general, the 


4 J. L. McKibben, Phys. Rev. 70, 101 (1946). 
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COUNTING RATE 





DISCRIMINATOR BIAS 


Fic. 1. Typical curve of the counting rate as a function of 
the discriminator bias showing the relative size of the pulses 
due to the various types of particles which entered the 
proportional counter. 


particles entering the proportional counter did 
not stop in the counter gas, the lower energy | 
deuterons from proton collisions produced more 
ionization in the counter than the elastically 
scattered deuterons. The deuterons colliding 
with hydrogen atoms also lose such a fraction 
of their energy as to result in increased pulse 
size. The third and largest rise in the counting 
rate (c) is due to the deuterons scattered by 
other deuterons. The fourth jump (d) is due to 
the H* from the disintegrations and to protons 
which enter the counter after hitting deuterons 
or being hit by deuterons. Due to the energy 
released in the disintegrations, the velocity of an 
H? is larger than the velocity of an H? elastically 


scattered at the same angle. This results in the H* 


producing a smaller pulse in the counter than 
the deuterons. In most cases the pulses respon- 
sible for steps (c) and (d) were too nearly the 
same size to reliably separated, so both sets of 
particles were counted and a correction made 
later. The pulses due to the H! from the dis- 
integration were too small (e) to be confused 
with the others in this experiment. As in the 
proton-proton scattering experiment, two scale- 
of-64 circuits were used simultaneously as a 
continuous check on the flatness of the plateau 
in the bias curve and the general performance of 
the counter. 

While taking the scattering data a third scale- 
of-64 circuit was commonly used with its bias 
set high enough to count only the He* pulses. 
However, the corrections to the cross section 
finally applied were obtained from a separate 
experiment made expressly for the purpose of 












1596 BLAIR, FREIER, LAMPI, 


TABLE I. Deuteron-deuteron scattering cross section per 
unit solid angle in the center-of-mass coordinate system asa 
function of deuteron energy in Mev and scattering angle. 
Cross sections are in barns (10-* cm?). Deuteron energies 
are in Mev. 








\ Ea 


en. 2.51 


1.78 

0.712 
0.455 
0.350 


3.02 


1.45 

0.634 
0.415 
0.328 
0.261 


0.207 
0.206 


3.50 


1.21 

0.578 
0.386 
0.298 
0.256 
0.217 
0.191 


0.187 


0.96 


11.08 
2.57 
1.19 
0.703 
0.517 0.283 
0.430 . 0.235 

— 0.222 
— 0.215 
— 0.227 











getting the cross sections of the deuteron-deu- 
teron disintegrations.® 

As in the proton-proton scattering experiment, 
checks were made on the effect of the accumula- 
tion of gases other than deuterium in the scatter- 
ing chamber during the course of a run by 
closing the chamber without admitting any 
deuterium and measuring the rise in the counting 
rate at various angles over a period of time. This 
effect was small, usually one percent or less, and 
the data were corrected accordingly. 

The intensity of the molecular portion of the 
beam from the electrostatic generator was of 
interest as the percentage of hydrogen molecules 
in the mass-2 beam affected both the current 
measurement and the correction for the deuterons 
scattered by protons. To obtain the hydrogen 
contamination in the deuteron beam we measured 
the current of both atomic and molecular beams 
from the generator and then assumed that the 
ion source had the same efficiency for producing 
hydrogen molecular ions as it did for producing 
deuterium molecular ions. The deuterium gas 
which was used, both in the ion source and in 
the scattering chamber, was analyzed mass spec- 
trographically by Dr. A. O. Nier of this labora- 
tory and found to contain 1.1 percent hydrogen. 
Our measurements of the beam currents showed 
that the molecular beam was about 25 percent 
as great as the atomic beam. Therefore, we 
believe that the beam of ions entering the 
scattering chamber contained about 0.3 percent 
hydrogen molecules. The measured beam cur- 
rents were corrected for this impurity in the 
beam. 


5 See the following paper by the same authors. 
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While working with deuterons it was not 
feasible to check the voltage calibration of the 
electrostatic generator frequently, as was the 
case in the proton-proton scattering experiment, 
but our experience during that work showed 
that the calibration was very reproducible, so 
that we feel that the voltages given are correct 
to +20 kv on the basis of 1.883 Mev for the 
Li’(p, m)Be’ threshold.* A correction has been 
made for the energy lost by the beam in passing 
through the entrance window and through the 
deuterium to the center of the scattering chamber. 


CORRECTIONS 


As mentioned above, the observed counting 
rate had to be corrected for the number of He’ 
and H? which entered the counter along with 
the scattered deuterons. In separate experiments‘ 
the cross sections for the production of He* and 
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Fic. 2. Deuteron-deuteron scattering cross sections per 
unit solid angle in the center of mass coordinate system for 
various deuteron energies. The dotted curves are the same 
data reduced by a factor of ten. ; 


*R. G. Herb, Phys. Rev. (to be published). 
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H! in the two disintegration reactions were 
measured. The He’ cross section for the corre- 
sponding angle and energy could be subtracted 
directly from the original scattering cross section. 
The number of H® counts to be subtracted was 
obtained from the number of H! counts observed 
by converting the H! data® to the center of 
mass coordinate system and then interpolating 
for the value at the proper angle and finally 
converting back into the laboratory system. 
These conversions do not cancel because of the 
difference in the masses of the two particles. 
Each of these corrections amounted to one or 
two percent of the scattering cross section so 
that the probable errors in the experiments on 
the disintegration cross sections did not con- 
tribute appreciably to the probable errors in the 
D-—D scattering cross sections. 

The corrections to the scattering cross sections 
due to the proton-deuteron scattering from the 
hydrogen contaminations in the ion beam and 
in the scattering chamber gas were obtained from 
the proton-deuteron scattering data obtained at 
Los Alamos.* It was necessary to make this 
correction in four steps, since there were four 
groups of particles which could enter the counter 
and be recorded. The protons resulting from the 
hydrogen molecules entering the scattering cham- 
ber with the deuterons could reach the counter 
after making a collision with the deuteron, and 


20° 
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the recoil deuterons from such collisions could be 
counted also. Similarly, deuterons from the beam 
could hit a hydrogen atom and then enter the 
counter, and the recoil proton from such a 
collision could also be counted. For each case 
the quantities to be subtracted from the ob- 
served data were obtained from the curves pre- 
sented in reference 3, converted from center-of- 
mass to laboratory coordinates (this is different 
in each case), and then multiplied by an intensity 
factor determined by the percentage of con- 
tamination mentioned above. The sum of these 
corrections varied from one to four percent of 
the deuter-on-deuteron scattering cross section, 
being, in general, more at higher energies and 
angles. 

The presence of the 1.1 percent of hydrogen 
in the scattering chamber necessitated a corre- 
sponding correction to the gas pressure as read 
on the manometer. 

The corrections to our data due to the finite 
size of the beam of deuterons passing through the 
scattering chamber and to the finite angular 
aperture of the slits in front of the proportional 
counter (‘‘second-order geometry” corrections) 
were computed in the same manner as for 
the proton-proton scattering data previously re- 
ported.? These corrections are negligible for the 
higher angle data but rise to 3} percent for 
measurements at 15°. For observations at 10° a 
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smaller hole could be used as a counter window 
due to the high counting rates, so the correction 
was smaller. 


RESULTS 


The deuteron-deuteron scattering cross sec- 
tions per unit solid angle in the center of mass 
coordinate system after the application of all the 
above mentioned corrections, are presented in 
Table I and Fig. 2. At each point enough counts 
were recorded to make the statistical probable 
error one percent or less, except at 80°, 90°, and 
100° where this error at some points may be 
one-and-a-half percent. The probable errors due 
to gas pressure measurement, current measure- 
ment, measurement of geometrical factors, etc., 
amount to about one-and-a-half percent. How- 
ever, these items should affect the internal 


consistency of the data somewhat less than that 
amount. 

The 1-Mev data do not extend beyond 70° 
(in the center of mass system) because the 
scattered deuterons did not have enough energy 
at larger angles to enter the counter. At other 
energies the data do not extend beyond 90° or 


100° because of the expected symmetry of the 
cross sections about 90° and the time consumed 
in counting the relatively few deuterons which 
are scattered to higher angles. : 


SLEATOR, AND WILLIAMS 


Figure 3 shows both the deuteron-deuteron 
and the proton-proton elastic scattering cross 
sections at 3 Mev plotted to the same scale. 
Although the Coulomb cross sections are not 
directly comparable because the deuteron-deu- 
teron interaction has a greater ratio of symmetric 
to anti-symmetric spin states and the deuteron 
obey Bose rather than Fermi statistics, some 
qualitative differences in the nuclear interactions 
are apparent. The rapid decrease of o(d—d) with 
increasing angle between 40° and 80° where 
o(p—>) is increasing slightly, suggests the pres- 
ence of scattered waves of angular momentum 
greater than zero. A phase shift analysis of the 
data presented here is being undertaken by Pro- 
fessor C. L. Critchfield and Mr. Donald Dodder, 
and will appear in a later publication. 
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have been measured at various angles for incident deuterons of energies from 1 to 3.5 Mev. 
The dependence of the cross sections on angle i is nearly the same for the two reactions, and it 
can be represented by an expression of the form A (1+ 3B cos’¢+C cos‘), where ¢ is the angle 
of observation in the center of mass coordinate system. A increases from 4X10~*? cm? at 
1 Mev to 6X10’ cm? at 3.5 Mev; B decreases from approximately 1 at 1 Mev to —3.5 at 3.5 
Mev; C increases from 1.5 at 1 Mev to 7 at 3.5 Mev. The total cross sections for the two 


reactions are approximately constant at 10-** cm? throughout this energy range. 





HE nuclear reaction H?+H?—He’+ has 

long been used as a source of fast neutrons, 
but because of the difficulty of measuring a flux of 
neutrons and the prevalent use of targets com- 
posed of a thick layer of heavy ice there is little 
accurate data on the variations in yield and 
angular distribution of the disintegration products 
for deuterons of various energies. The competing 
reaction, H?+- H?—>H?+ H!, has been carefully in- 
vestigated with thin targets for deuteron energies 
up to 400 kev. These data have been summarized 
and some remarks about the theory of the 
deuteron-deuteron reaction have been made by 
Konopinski and Teller,! and the many references 
to previous work given in their paper will not be 
repeated here. 

It seemed probable that information of some 
importance about the deuteron-deuteron inter- 
action could be obtained from a further study of 
the angular distributions of the reaction products. 
Such an investigation was carried out at the 
higher energies available with the Minnesota 
electrostatic generator, and with the accuracy 
attainable by means of the gas-filled scattering 
chamber technique.? The present paper is a re- 
port on this work. 


EXPERIMENTAL PROCEDURE 


During the process of measuring the cross 
section for elastic scattering of deuterons on 


*Present address: Argonne National Laboratory, 
Chicago, Illinois. 
(1948). J. Konopinski and E. Teller, Phys. Rev. 73, 822 
? For examples see J. M. Blair, G. Freier, E. Lampi, W. 
Sleator, and J. H. Williams, Phys. Rev. 74, 553 (1948). 
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deuterons’ it was necessary to determine the. 
numbers of He* and H entering the proportional 
counter in order to apply them as corrections to 
the observed data. From a study of the bias 
curves obtained while making that measurement 
(see Fig. 1 in reference 3) it was seen that 
the reactions H?+H?—He*+2+3.25 Mev and 
H?+ H?—H!+ H?+3.98 Mev had cross sections 
which were of the order of one or two percent of 
the elastic scattering cross section. The relatively 
small counting rate obtained from these disinte- 
grations made it unprofitable to obtain accurate 
data on their cross sections with the same counter 
which had been used for the proton-proton? and 
deuteron-deuteron scattering. Increasing the 
counting rate by increasing the beam current or 
gas pressure in the chamber were not feasible 
procedures, so a separate set of measurements 
was made using a proportional counter with a 
larger window and an analyzing slit system with 
wider slits. The width of the first slit (designated 
2b in Fig. 1 of reference 2) was increased to 0.2067 
cm, and the diameter of the defining hole im- 
mediately in front of the counter window was 
increased to 0.4847 cm. The other dimensions of 
the slit system remained the same. This increased 
the geometrical factor G (see reference 2, Eq. (1)) 
by a factor of approximately 9, to a value of 
2.8400 X10-* cm. The half angle spread of the 
particles which could enter the counter was in- 
creased to 2.6°. 

From the information obtained during the 


_measurement of deuteron-deuteron scattering? it 


was known that the He* nuclei entering the 


3 See preceding paper by the same authors. 
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TABLE I. Cross sections per unit solid angle in the center-of-mass coordinate system for the reaction H?+-H*+H+n 
for various deuteron energies and at various angles in the center-of-mass system. The cross sections are in units of 
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TABLE II. Cross sections per unit solid angle in the center-of-mass coordinate system for the reaction H*+H*~>H*+H! 
for various deuteron energies and at various angles in the center-of-mass system. The cross sections are in units of 


10-*7 cm’. 
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counter could be counted separately from the 
other particles entering simultaneously because 
the pulses which they produced were so much 
larger than those produced by the H’, H?, and H?. 
Therefore, to obtain the cross section for the He* 
reaction the amplifier gain and discriminator bias 
settings were adjusted so as to record only the 
number of pulses in the group of largest pulses. 
Under these conditions data were taken in the 
manner previously described? in the energy range 
from 1 to 3.5 Mev. Due to the relatively great 
amount of ionization produced by the He? passing 
through the proportional counter, amplifier noise 
and the various sorts of background pulses did 
not influence these data. ; 

The cross section for the competing disinte- 
gration was obtained by counting the H! nuclei 
produced. These could be distinguished from all 
the other disintegration products and scattered 
particles by means of their much greater range. 
To take advantage of this fact, the thin Nylon 
window on the proportional counter was replaced 
by one of aluminum. For bombarding energies of 
2 million volts and greater, the window was 
0.0055-inch thick. For the lower energy range a 
window 0.0035-inch thick was used. These 
windows satisfactorily eliminated the charged 
particles other than the desired H!, but it was 
found that, because of the greater amplification 


necessary to record the fast protons, there were 
counts being recorded due to the recoil argon 
atoms in the counter produced by neutrons gener- 
ated when the deuterons collided with deuterons. 
Although the cross section for the production of 
neutrons is comparable to that for the productions 
of H!, the H! which are counted can originate 
only in a relatively small volume in the center of 
the scattering chamber, whereas the neutron 
production occurs throughout the path of the 
deuterons across the deuterium filled chamber. 
The number of counts due to these neutron pro- 
duced pulses could be obtained by making a run 
during which a small brass shutter was swung 
into place over the end of the slit system in front 
of the counter. (This shutter was the one which 
held the LiF covered screen used for voltage 
calibration during the proton-proton scattering 
experiments.”) It prevented the entrance of any 
charged particles into the counter, but did not 
affect the passage of the beam through the 
chamber, nor the number of neutrons entering 
the counter. 

The neutrons passing through the counter had 
energies from 2 to 7 Mev, and the argon recoils 
could receive a maximum of 10 percent of this 
energy. With the counter filling (14.5 cm Hg 
pressure of argon) used for the scattering and He*® 
measurements the maximum energy lost by a 























recoil argon atom is comparable to the energy 
lost by the relatively fast H' in passing through 
the counter. This made it difficult to get a bias 
curve flat enough to obtain reproducible data. 
By increasing the pressure of argon in the counter 
to about 40 cm Hg the pulses due to the H! were 
increased in size due to the additional energy lost 
as the H! crossed the counter, whereas the maxi- 
mum pulse due to an argon recoil was the same 
size because some of the recoils completed their 
paths in the counter in either case. To maintain 
the necessary gas amplification in the counter 
with a reasonable voltage the central wire was 
reduced from 0.010 to 0.003 inch in diameter. 
Under these conditions there was still an ap- 
preciable counting rate when the shutter was over 
the entrance to the counter, but by taking ap- 
propriate numbers of runs with the shutter in 
place and with it out of the way the net counting 
rate due to the H! could be determined in a 
reliable manner. 


CORRECTIONS 


As mentioned above, no background correction 
to the data taken on the H* was necessary be- 
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Fic. 1. Cross section per unit solid angle in the center-of- 
mass coordinate system for the reaction H?+H*~He?+n 
for deuterons of various energies. 
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cause no other particle was present which would 
produce as large a pulse as a He’. 

The background counting rate during counts 
of the H! varied from 10 percent to 25 percent of 
the total counting rate, but was always measured 
along with the H! rate by means of the shutter so 
that it could be directly subtracted to get the net 
yield of H' counts. Even with the shutter open no 
charged particles but H! from the reaction could 
get into the counter. 

As was the case in the experiment on deuteron- 
deuteron scattering,’ there was a correction of 
0.3 percent in the beam current measurement be- 
cause of HH-+ ions in the deuteron beam, and a 
correction of 1.1 percent to be applied to the gas 
pressure measurement due to the hydrogen con- 
tamination in the deuterium in the chamber. 


RESULTS 


The cross sections per unit solid angle for vari- 
ous angles in the center-of-mass coordinate sys- 
tem and for various deuteron energies are 
presented in Tables I and II and Figs. 1 and 2. 
The angle of observation is: the center-of-mass 
coordinate system, ¢, was obtained from the 
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Fic. 2. Cross section per unit solid angle in the center-of- 
mass coordinate system for the reaction H?+-H*>H'+H! 
for deuterons of various energies. 
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Fic. 3. Comparison of the cross sections per unit solid 
angle in the center-of-mass coordinate system for the 
reactions H?-+- H*>He'-+. and H?+-H*>+H?+H! at 1 Mev 
and 3.5 Mev. A 


angle of observation in the laboratory, 6, by 
¢=6+sin—(sin V cm/V) where V cm is the ve- 
locity of the center-of-mass of the particles 
undergoing the disintegration and V is the ve- 
locity in the center-of-mass coordinate system of 
the observed particle. The cross section per: unit 
solid angle in the center-of-mass coordinate sys- 
tem, o(@), was obtained from the cross section in 
the laboratory by 


a(¢) =0(8) cos(¢ — 8) - (sin@/sing)? = o(@) - g(@). 


Unlike the elastic scattering case, the factors g(@) 
and Vcm/V are also functions of the energy of 
the incident deuterons. 

The probable errors quoted in Tables I and II 
are those caused by the expected statistical 
fluctuations in the number of counts obtained at 
each point. In addition there is a probable error, 
common to all the points, of about 1.7 percent 
which enters in the factors used for converting 
the observed numbers of counts to cross sections. 

The curves for 1 Mev and 3.5 Mev deuterons 
for both reactions’ are redrawn in Fig. 3 to 
facilitate a comparison of the two reactions. If a 
similar comparison of the data for the other 


energies were made it would be seen that in each 
case the two curves would lie practically parallel, 
as in the case of the 3.5 Mev curves in Fig. 3. It is 
only at low energies that the angular distributions 
of the products of the two reactions differ 
appreciably. 

Since the earlier low energy data on.the angular 
distribution of the products of these reactions 
were found to be represented by a curve of the 
form A(1+8 cos*@),' a similar analysis was at- 
tempted on the data given above. It was soon 
found that an additional term, C cos‘¢, was re- 
quired. The variations of the coefficients A, B, 
and C with energy for the two reactions are 
shown in Fig. 4. The size of the symbols on each 
curve at each deuteron energy represents the 
approximate uncertainty in that value of the 
coefficient. Due to the uncertainties in the 
original data and the fact that this equation does 
not seem to provide a perfect representation of 
these data at the higher energies, there is some 
leeway in the values to be assigned to the 
coefficients for a “‘best”’ fit. 

The short curve labeled “‘B’’ at the low energy 
end of the axis is taken from Fig. 1 of the sum- 






































Fic. 4. Values of the coefficients A, B, and C in the equa- 
tion o=A(1+B cos’*#+C cos) for incident deuterons of 
various energies. The curves marked He® apply to the 
reaction H?-+- H*>He*+-. The curves marked H! apply to 
the reaction H*+H*+H*+H!. The low energy curve 
marked B is taken from reference 1. 


















_ mary of the low energy data by Konopinski and 
Teller. It may be considered as a low energy ex- 
tension of the B curve for the H! data. In this low 
energy range a term involving cos‘¢ has been 
found unnecessary for a representation of the 
data,! so apparently C goes to zero between $ and 
1 Mev deuteron energy. 

The measurements of Bennett, Mandeville, 
and Richards‘ on the angular distribution of the 
neutrons from the H?+- H?—He’-+-m! reaction are 
not in contradiction to our data, although they 
represented their data in terms of 1+ B cos’¢. 
Their measurements were made only at two 
angles, ¢=0° and ¢=90°, so the more detailed 
data necessary for a comparison with our results 
are not available. However, the value of the 
coefficient given in Fig. 3 of their paper can be 
compared with the algebraic sum of B and C in 
our analysis, and the two numbers are found to 
agree within the accuracy one might expect con- 
sidering the difficulty of measuring a flux of 
neutrons. 

From the data presented in Figs. 1 and 2 one 
can compute the values of the total cross section 
for each of the reactions. This was obtained from 
or=4n >; o(¢;) sind; A¢@ for each energy of inci- 
dent deuterons. The summations were taken for 
values of ¢; in 10° steps from 5° to 85°. The re- 
sults of these computations are shown in Fig. 5. 
From these curves it is apparent that, in this 
energy range, increasing the deuteron energy 
does not greatly affect the total number of 
disintegrations occurring, even though, as shown 


-. by Figs. 1 and 2, the angular distributions change 


in a marked fashion. 

The dots and crosses in the low energy region 
in Fig. 5 represent the data for the total cross 
sections for these two reactions taken by Manley, 


‘W. E. Bennett, C. Mandeville, and H. Richards, Phys. 
Rev. 69, 418 (1946). 
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Fic. 5. Total cross sections for the reactions H?+H? 
—He?+ 2 (curve marked He’) and H?+ H*>H?+H! (curve 
marked H!) for deuterons of various energies. The low 
energy points are taken from the work described in 


' reference 5. 


Coon, and Graves' using a thick heavy ice target. 
They counted the protons emitted at three angles 
for the H?+- H*—H+ H! reaction and integrated 
the neutron production from the H?+H*—He’ 
+n! reaction with a MnSQ, bath. Except for the 
300 kev neutron point, their data appear to lie in 
line with extensions of our curves to lower 
energies. 
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The surface energy of the Bloch wall between ferromagnetic domains is of fundamental 
importance in domain theory; this energy can be computed if the wall thickness is known. It is 
proposed that the wall thickness be measured by studying the polarization changes of a neutron 
beam which is passed through a single Bloch wall. The relation connecting wall thickness, 
neutron velocity, and polarization change is worked out; the required velocities are such that 
the experiment can probably be done with existing techniques, if grazing angles of incidence 


are used. 





T has been shown by F. Bloch! and others, 
that the change in the magnetization of 
adjacent ferromagnetic domains magnetized in 
opposite directions takes place gradually, over a 
distance of the order of 10-5 cm; the transition 
layer is known as the Bloch wall. The surface 
energy of a Bloch wall is a quantity of funda- 
mental importance to the theory of ferromagnetic 
domains and, if known to sufficient accuracy, 
would provide important information regarding 
the exchange interactions in magnetic sub- 
stances. An approximate method of finding the 
wall energy is given in a forthcoming paper by 
Williams, Bozorth, and Shockley, based on 
powder pattern studies. . 

It is of some interest to consider another 
method which might be used to determine the 
wall energy, based on the rotation by the Bloch 
wall of the plane of polarization of a polarized 
beam of very slow neutrons. In principle a 
measurement, as a function of neutron velocity, 
of the polarization changes in a neutron beam 
attendant to passage through a single Bloch 
wall? will suffice to determine the thickness of the 
wall, and from the thickness one can directly 
calculate the wall energy. The critical range of 
neutron velocity for which the maximum 
polarization change occurs is a function of the 
wall thickness and of the Larmor precession 
frequency of the neutron in the internal mag- 
netic field of the material. If the neutron beam 


*Now at Department of Physics, The University of 
Tennessee, Knoxville, Tennessee. 

1F, Bloch, Zeits. f. Physik 74, 295 (1932); L. Landau and 
E. Lifshitz, Physik. Zeits. Sowjetunion 8, 153 (1935). 

* H. J. Williams has produced a single crystal such that 
a single Bloch wall may be isolated. 


passes through the Bloch wall sufficiently slowly, 
the neutron spins will follow adiabatically the 
change in the magnetization direction, and 
therefore no change in the plane of polarization 
will be found after passage through a 180° wall. 
If the beam is very fast, on the other hand, the 
neutron beam will not have time to change direc- 
tion in the wall. For intermediate velocities a 
large rotation (apparent depolarization) effect is 
expected; we have worked out the quantitative 
details of the polarization rotation. 

It is a satisfactory approximation to suppose 
that the direction of magnetization rotates uni- 
formly through the 180° wall, and further that 
the average local magnetic field, H, acting on 
the neutron, is given by the local value 47I, of 
the saturation flux density. We neglect here 
polarization effects caused by scattering. 

Take xyz axes which are non-rotating, but 
whose origin travels with the neutron. Take z 
to be in the direction of neutron velocity, which 
is to be perpendicular to the wall boundaries. 
Define the polarization of the neutron as it 
strikes the wall by the conditions: 


M,= Mo, M,=M,.=0, (1) 
where M,, M,, M, are the components of 
angular momentum. If H is the effective field 
acting oh the neutron, its components are given 
as functions of time (while the neutron is in the 


wall) by: 


H,=H) coswt, H,=Hosinwt, H,=0. (2) 


The expectation value of M as a function of time 
will be given by the solutions of the classical 
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equation ;* ; 


where y is the magnetomechanical ratio. 

The solution of (3) is readily found by trans- 
forming to axes which rotate with H. The 
solution which satisfies the initial conditions (1) 
is, in the non-rotating axes, 


M,=}M ww 1?(w?-+ wz?) (2w coswt 

—m,— cosmt-+-m,— cosmz2t), 
My =}M ww 1?(w? +wz?)(2w sinwt 

—my sinm,t—m, sinm2t), 
M,= Mqwwr(w*+wz?)(1 —cosmst), 


with M,=M3+w, M2=M3—w, M3= + (w?+wz?)!, 
and wz=7Ho, the Larmor frequency. 

The value of ¢ when the beam emerges from 
the wall is r/w, since H changes direction by 
180°; and w is related to wz, the neutron velocity, 
by w=(x/D)u, where D is the wall thickness. 
Making these substitutions, and letting y=wz/w 
= Dw,/mu, we have 


M./Mo= — (1+y*)“[y*+cosr(1+")#], 
M,/Mo= (1+4")+ sinr(1 +"), 
M,/Mo=y(1+y")“[1 —cosr(1+3")*]. 


The behavior of these solutions as functions of 
y is shown in Fig. 1. 

The best point to use experimentally is prob- 
ably that for which M,=0, or wzD/ru=0.8. 
With H)=22,000 oersteds, y=1.83X10* rad/ 
sec./oersteds, and D=10-> cm as for iron, we 
find that the required neutron velocity is 
u=1.6X10* cm/sec. This corresponds to a wave- 
length X% of 39A, and a temperature of 0.01°K. 
For D=10~ cm, as for Supermalloy, 4=0.4A 
and the effective temperature is ~100°K. 


3Q. Halpern and T. Holstein, Phys. Rev. 59, 960 (1941). 
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(4) 


(5) 
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Fic. 1. Components of M as a function of w,D/ru. 


Measurement of walls as thin as 10-' cm 
would present very considerable difficulties if 
normal beam incidence is used, but it is possible 
to increase the apparent thickness of the wall by 
using grazing angles of incidence. This will 
permit the use of thermal neutrons. With the 
thick walls which are expected in low anisotropy 
materials like Supermalloy, the experiment 
would appear to be practical at normal incidence. 
Investigations in low anisotropy materials are of 
particular interest because the magnetic powder 
pattern technique does not work in low anisot- 
ropy materials, for reasons which will be dis- 
cussed elsewhere. 

We may mention in passing that it would 
appear to be possible to investigate the domain 
structure* of the intermediate state in super- 
conductors by means of a standard neutron 
depolarization experiment. The neutron energies 
required are in the thermal range for domains of 
the order of 1 mm in thickness and applied fields 
of the order of 500 oersteds. 

We wish to thank Professor M. Hamermesh 
of New York University and Mr. M. Burgy of 
the Argonne National Laboratory for useful 
discussions. 


‘L. Landau, J. Phys. U.S.S.R. 7, 99 (1943). 
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A study has been made of electron bombardment conductivity in diamond using primary 
electrons of energies up to 14,000 ev. An alternating field method is used which reduces or 
eliminates the effects of internal space charge fields. Data on internal yields as a function of 
crystal field are given for both electron and positive hole carriers. Internal yields as high as 
600 have been attained. The experimental curves are fitted to a theoretical curve for the space 
charge free crystal from which are derived reasonable values for the number of electrons 
produced in the conduction band per incident primary electron, the probable life time of the 
conduction electrons and the crystal trap density. Experiments are described which lead to a 
hypothesis of space charge neutralization. A possible cause of the current fluctuations observed 


at high crystal fields is discussed. 





1. INTRODUCTION 


LTHOUGH photoconductivity has been 
studied extensively, the similar process of 
bombardment conductivity, i.e., the rendering 
conductive of an insulator or semi-conductor by 
particle bombardment, has received scant atten- 
tion until recently. Early work with alpha-par- 
ticle bombardment!-* demonstrated disappoint- 
ingly small induced currents per incident particle. 
However, the recently published work of Van 
Heerden‘ demonstrated the feasibility of detect- 
ing individual high energy particles in silver 
chloride crystals at low temperatures and has 
stimulated considerable interest in its use as a 
solid counter.*-’. Earlier attempts by D. E. 
Wooldridge to observe electron bombardment 
conductivity led to the use of alpha particles as 
a tool to select suitable solids and to the utiliza- 
tion of diamond as a solid counter at room tem- 
perature.*'* Thallium bromo-iodide,'® cadmium 
*A report on this work was given at the Columbia 
University meeting of the American Physical Society on 
Jan. 31, 1948. 
1H. Schiller, Ann. d. Physik. 81, 32 (1926). 
2G. Jaffé, Physik. Zeits. 33, 393 (1932). 
3G. Jaffé, J. de Phys. 5, 263 (1906); Ann. d. Physik. 41, 
449 (1913); Ann. d. Physik. 64, 1 (1921). 
4P. J. Van Heerden, The Crystal Counter (N.V. Noord- 
Hollandsche Uitgevers ere, Amsterdam, 1945). 
5 R. Hofstadter, Phys. Rev. 72, 747 (1947). 
*R. Hofstadter, J. C. D. Milton and S. L. Ridgway, 
Phys. Rev. 72, 977 (1947). 
aon Wouters and R. S. Christian, Phys. Rev. 72, 1127 
8D. E. Wooldrid e, A. J. Ahearn and J. A. Burton, Phys. 
Rev. 71, 913 (1947). 
as) R. Corson and R. R. Wilson, Rev. Sci. Inst. 19, 207 


10L, F. Curtiss and B. W. Brown, Phys. Rev. 72, 643 
(1947). 


sulfide!® and zinc sulfide!’ have also been shown 
capable of high energy -particle detection. 

A problem closely related to the solid counter 
and also to external secondary emission is elec- 
tron bombardment conductivity produced by 
relatively low energy electrons, i.e., excluding 
beta-conductivity. Here we can define an internal 
yield equal to the induced current traversing the 
solid as measured externally, divided by the 
bombarding current. Lenz!® obtained a yield of 
10-* or less with a crystal of zinc sulfide and 
20,000 ev bombarding energy. There is some 
doubt as to whether he actually observed bom- 
bardment conductivity or whether his results 
were caused by some other effect. Distad’s!® 
results on zinc sulfide with 900 ev electrons 
were greatly complicated by space charge effects 
and his yields were less than 10-5. Bloembergen”® 
attempted to measure bombardment conduc- 
tivity in silver chloride by electrons of 500 ev 
energy and could detect no effect. 

The work to be described is a study of electron 
bombardment conductivity in diamond. Al- 
though the results have a considerable bearing on 
its use as a solid counter, it is of more significance 


11 W. Jentschke, Phys. Rev. 73, 77 (1948). 
122.G, Stetter, Verh. d. D. Phys. Ges. 22, 13 (1941). 
13 H. Friedman, L. S. Birks and H. P. Gauvin, Phys. Rev. 


73, 186 (1948). 

144 A, J. Ahearn, Phys. Rev. 73, 1113 (1948). 

1 R, Hofstadter, Phys. Rev. 72, 1120 (1947). 

16 R, Frerichs, Phys. Rev. 72, 596 (1947). 

417 A, J. Ahearn, Phys. Rev. 73, 524 (1948). 

18H. Lenz, Ann. d. Physik. 77, 449 (1925). 

19M. F. Distad, thesis, University of Minnesota, 1938; 
Phys. Rev. 55, 1146, 1147 (1939). 

20 N. Bloembergen, Physica 11, 343 (1945). 
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that a new method of investigating certain of the 
solid state properties of insulators and semi-con- 
ductors is described. The information so obtained 
may also be of considerable value in setting up 
theories of external secondary: emission or of 
dielectric breakdown. 


2. MATERIAL CONSIDERATIONS 


To determine the type of material which would 
be best suited to demonstrate bombardment con- 
ductivity, let us consider the actual process in its 
simplest form. In Fig. 1, a beam of electrons 
bombards an insulator or semi-conductor through 
a thin electrode which is mounted directly on 
the surface of the material and to which a current 
indicating device, such as a galvanometer is con- 
nected. On the other face of the material is 
mounted a second electrode maintained at an 
elevated potential. According to available theo- 
ries on the interaction of electrons with matter?!” 
most of the energy of the bombarding electrons 
will go into the excitation of a relatively large 
number of electrons in the solid if the bombarding 
energy is sufficiently high. In an insulator, this 
will result in the elevation of electrons from the 
filled band into the conduction band. The pro- 
duction of each of these ‘internal secondary” 
electrons will involve the creation of a positive 
hole in the filled band which may also be mobile. 
Although the internal secondaries will actually be 
produced throughout the range of the bom- 
barding primaries, let us assume for clarity that 
they are all produced at the end of the primary 
range at the distance from the surface repre- 
sented by the dotted line in Fig. 1. Through col- 
lisions with the lattice, the internally produced 
electrons and positive holes will rapidly come 
into thermal equilibrium with the lattice. How- 
ever, superimposed on their random thermal 
motion will be a drift velocity induced by the 
electric field, the electrons moving towards the 
right and the positive holes to the left with the 
field polarity shown. This movement of charge 
within the material will induce a charge in the 
external circuit as discussed by Shockley.”* If an 
electron travels a distance x through the crystal, 
the charge measured by the galvanometer or 

21H. Bethe, Ann. d. Physik. 5, 325 (1930). 


2D. E. Wooldridge, Phys. Rev. 56, 562 (1939). 
23, W. Shockley, J. App. Phys. 9, 635 (1938). 
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electrometer will be ex/l where / is the distance 
between the electrodes and e the electronic 
charge. The galvanometer will measure a current, 
caused by the charge displacement, even if no 
charge flows from the crystal to the electrode, 
i.e., if all the electrons are trapped in the crystal. 
These considerations also apply, of course, to 
the positive holes. Assume that an electron 
remains in the conduction band for a length of 
time T before being trapped and that T is inde- 
pendent of the applied field F. Then the range 
w_ is given by 
w= (vT)_F, 


where v is the mobility (velocity of drift in unit 
field) of an electron in the conduction band. 
Here v and T are appropriate to an electron. The 
range w, for positive holes is defined similarly 
with suitable values of v and T. Thus, the charge 
observed in the external circuit is proportional 
to the total range of all the conducting electrons 
and positive holes in the material. Or, more pre- 
cisely, 


Qors =e/UD) w+ 2 w+). (1) 


To make Q,»s large, we wish / small and w_ 
and w, large. This implies that the material 
should be one in which v and T are large. T is 
inversely proportional to the density of electron 
traps in the material and thus we would wish to 
minimize the number of traps. These traps may 
be caused by lattice defects, such as vacant 
lattice points, interstitial ions, domain bound- 
aries, crystal boundaries, or by impurities. These 


-considerations should enable us to list certain 
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Qos = + [Zu0- + w+] 


Fic. 1. Illustration of principle of bombardment induced 
conductivity. 
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desirable properties for a material which is suit- 
able for bombardment conductivity. 


1. It should be a sufficiently good insulator to permit 
the application of an adequate field across it during the 
time that the action is to be observed. 

2. It should have relatively few traps for electrons or 
positive holes. This suggests the use of a single flawless 
crystal with a high degree of lattice regularity and stability 
and high chemical purity. 

3. Further to reduce the trap density, it should be pos- 
sible to anneal the crystal thoroughly without distorting 
the crystal structure. 

4. It should have a high electron mobility and, if pos- 
sible, also a high mobility for positive holes. This also 
suggests that it would be advantageous to make measure- 
ments at low temperatures since, in general, the mobility 
varies in an inverse manner with the temperature. 

5. A large number of internal secondaries should be 
produced per incident primary electron. Thus the primary 
energy should be high although not so high that the 
primary electron would traverse the crystal completely 
and still retain much energy. Data are not available on the 
variation of the number of internal secondaries produced 
for a given primary energy as a function of the ferbidden 
energy gap width. 

6. The simple picture presented above does not take 
into account the internal space charge or polarization 
effects set up by the trapped electrons and positive holes. 
A large dielectric constant would tend to reduce the effect 
of such trapped charges on the internal field. Thus a high 
dielectric constant would appear to be desirable. It is also 
possible that this would tend to reduce recombination of 
electrons and positive holes immediately after they are 
produced. 


At the present time we believe that these are 
desirable properties for a bombardment con- 
ductive material. They are probably not the 
necessary or sufficient conditions governing the 
process. [t will be observed that diamond fulfills 
conditions 1, 2, and 6 quite well. Although experi- 
mental measurements have not been made of the 
electron or positive hole mobilities, from theo- 
retical considerations they are expected to be 
high, thus satisfying condition 4. In part, these 
were the reasons which led to the original choice 
of diamond for experiments with alpha-particle 
bombardment. The fact that these experiments 
were successful was adequate justification for its 
use in electron bombardment. 


3. THEORY 
3.1 Theory for a Space-Charge Free Crystal 


Consider the crystal shown in Fig. 1. If the 
width of the bombarding beam of electrons is 


G. McKAY 


large compared with the thickness of the crystal, 
we can neglect edge effects and consider merely 
the one dimensional case. We assume that the 
primary bombarding electrons create a certain 
number of positive holes in the uppermost filled 
band and an equal number of electrons in the 
conduction band of the crystal. We wish to 
determine the way in which the current in the 
measuring circuit varies with the field applied 
across the crystal. In essence, this is the problem 
which was solved by Hecht?! for photo-con- 
ductivity. However, we must consider the 
assumptions involved carefully. These are as 
follows: 


A. The traps are distributed homogeneously throughout 
the crystal. 

B. The effects of the space charge fields set up by trapped 
charges are negligible. 

C. The interaction between positive holes and the corre- 
sponding free electrons is negligible. 

D. The drift velocity of the mobile charge carriers as a 
result of the applied field is small compared with their 
thermal velocity. 

. A charge which is trapped either remains trapped 
throughout the time interval under consideration or is 
again released in a time which is short compared with 
the time resolution of the measuring circuit. 

. At any time in any region of the crystal, the number of 
trapped charges is small compared with the number of 
available traps, i.e., we do not approach trap saturation. 


The extent of the restrictions imposed by 
these assumptions will be considered later when 
the experimental results are compared with the 


theory. 
Let us consider first the current contributed 


- only by the free electrons. Assumption D implies 


that the concepts of charge mobility apply and, 
with assumption A, that the probable time which 
a free electron spends in the conduction band of 
an infinite crystal is T which is independent of 
the applied field F. Then the probable range of 
an electron in an infinite crystal is given by 


w=vFT, 
where v is the mobility or the drift velocity in a 


unit field, and is related to 7, the time between 
collisions with the lattice, by 


v~(e/m)r. 


The subscripts identifying these quantities with 
free electrons have been omitted for clarity. 


4K. Hecht, Zeits. f. Physik. 77, 235 (1932). 











These assumptions lead to the mean distance 
traveled by an electron in a finite crystal?® 


E=w(1—e-*/*), (2) 


where Xo is the distance from the point of origin 
of the free electrons to the anode. The charge 
measured externally equals the charge released 
in the crystal multiplied by #//, where / is the 
total distance between the crystal electrodes. 
Thus the ratio of the charge observed to the 
charge released is given by 


vi=w/1(1—e-*/*), (3) 


So far we have considered only the contri- 
bution of the electrons to the observed charge. If 
we assign suitable values of mobility v, and 
probabie time before trapping T., to the positive 
holes, we obtain a probable range for them of 
w,=v47,F. The calculation of their contribution 
to the observed charge is exactly analogous to 
that for electrons except that they are traveling 
in the opposite direction so that we must replace 
xo by 1—x» and the ratio of the total observed 
charge to released charge is 


wW Wy 
yale) + (i—eteovin), (4) 


Although Bethe’s* equations for the rate of 
energy loss by electrons to matter are not 
integrable down to low energies, they should 
enable us to make an estimate of the depth of 
penetration of the bombarding electrons. In the 
experiments which are to be described later, the 
energy of the bombarding electrons does not 
exceed 14 kv. Assuming a density”® for diamond 
of 3.5, Bethe’s equations give a range of about 
3X10-* cm for 14-kv electrons. The average 
distance from the bombarded surface at which 
a positive hole is produced is probably about 60 
percent of this, i.e., mean value of ]—x»=2 10-4 
cm. The value of / in all of these experiments is 
1=4.5X10-? cm. If the crystal field has the 
polarity shown in Fig. 1, and is of a sufficiently 
high value, the positive holes can contribute less 
than 1 percent to the observed current. For low 


% A derivation of this equation is given on page 122 of 
Mott and Gurney, Electronic Processes in Ionic Crystals 
(Oxford University Press, Oxford, 1940). 

26 Robertson, Fox and Martin, Phil. Trans. Roy. Soc. 
232(a), 463 (1934). 
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field strengths where w is of the same order of 
magnitude as the depth of penetration of the 
primaries, the ratio between the portion of the 
observed current contributed by positive holes 
to that contributed by electrons is approximately 
w/w. In the present work, this means that appre- 
ciable errors could occur resulting from the 
neglect of the positive hole current only at yields 
which are so low that other effects mask this dis- 
crepancy. Hence Eq. (3) has been used through- 
out. 

If the field across the crystal is reversed in 
direction, the terms “electrons’’ and “positive 
holes’’ should be interchanged and the argument 
proceeds as before. Again we arrive at Eq. (3) 
interchanging w and w,. 

We must now throw Eq. (3) into a form which 
is more suitable for comparison with the experi- 
mental results. Let the primary bombarding 
current be 7, and the number of internal con- 
duction electrons produced per unit time be Nip. 
Some of these electrons may recombine with 
positive holes so let the total number of electrons 
available for conductivity per unit time be BN7%Z>. 
8 cannot exceed unity and may be less than unity 
at low field strengths. We also assume that xo. 
Thus the yield for any given field strength is 


- ; w 
§6=——--= N-—(1— te) | 5 
: B 7! at) (S) 


where the yield 6 is defined as the current passing 
through the crystal at any instant divided by the 
bombarding current. 

This can be normalized to the expression 


A=(1—exp(—2™")), (6) 
where 
A=6/BN=35/i0, 
5. =the yield at infinite field strength 
Q=w/l=vT F/I. 


A plot of Eq. (6) is given by the solid line in 
Fig. 10. 


3.2 Dissipation and/or Neutralization of Space 
Charge 


Although some of the concepts presented in 
this section were arrived at as a result of the 
experiments which are later described, the experi- 
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Fic. 2. The experimental tube. 


mental procedures will be more readily compre- 
hended if the ideas are discussed at this. point. 

In the previous section it was shown that for 
A<i, many of the conduction electrons (or 
positive holes) are trapped in the body of the 
crystal. These trapped charges set up a space- 
charge field which opposes the applied field. If 
the applied field remains fixed and the bombard- 
ment is continued, the internal space-charge field 
will continue to build up until an equilibrium is 
established which is a function of the rate of 
arrival of electrons, the applied field and the 
rate at which electrons are released from traps 
by thermal agitation, fluorescent radiation or 
recombination with positive holes. Thus a sta- 
tionary state can be set up in which the current 
flowing through the crystal will be a function of 
all of these parameters and will be less than the 
corresponding current for an idealized space 
charge free crystal. To overcome this difficulty 
the rate of release of trapped electrons could be 
increased by heat or light although this is not 
always feasible nor desirable; or the probable 
range may be increased by filling up the majority 
of the available traps. However, a rough calcu- 
lation indicates that with reasonable trap den- 
sities (~10'*/cm®), it does not appear possible 
to set up a steady state by filling all of the 
available traps as the internal space-charge 
fields would then probably be too intense, 
although it may be possible to increase the prob- 
able range somewhat by filling up all the traps 
in a narrow region. 

At this point it is observed that conditions 
similar to those existing in a space-charge free 
crystal may be obtained by neutralizing the 


space charge rather than eliminating it. In 
diamond, the positive holes are expected to have 
a mobility which is roughly of the same order of 
magnitude as that of conduction electrons. If an 
alternating field is applied across the crystal, with 

the connections shown in Fig. 1, and primary © 
bombardment takes place during some part of 
both the positive and negative half-cycles of the 
applied field, the following action takes place: 
During the positive half-cycle, internally pro- 


_duced electrons travel through the body of the 


crystal. Some of these are trapped thus setting 
up a negative space charge field which opposes 
the applied field. During the negative half-cycle, 
however, positive holes, resulting from the 
primary bombardment, travel through the body 
of the crystal under the infiuence of the applied 
field which is now augmented by the previously 
created negative space-charge field. Some of these 
positive holes may recombine with the trapped 
electrons and some may themselves be trapped. 


"In either case the net result is a reduction of the 


negative space charge field and if the relative 
bombardment during the positive and negative 
half-cycles of the applied field is properly ad- 
justed, it.should be possible to neutralize the 
crystal completely before the onset of the next 
pulse of current to be studied. This is the hy- 
pothesis of space-charge neutralization and it will 
later be shown that the experimental results can 
be explained on this basis. 

It will be observed that the mere fact that an 
optimum electron range can be achieved by 
adjustment of the relative bombardment during 
the positive and negative half-cycles, does not 
necessarily. mean that complete neutralization 

















has been attained. Undoubtedly the positive 
holes are not trapped in exactly the same regions 
as the electrons, as a result of differences in their 
relative ranges. Thus the crystal as a whole may 
be made neutral but space-charge fields may still 
exist within the crystal. It is possible that the 
use of the d.c. bias field together with the a.c. 
field may further improve this situation. 


4. EXPERIMENTAL METHOD 
4.1 Experimental Tube 


Although the experimental arrangement de- 
lineated in Fig. 1 is operable in principle, the 
action would be so complicated by the effects of 


internal space charge that the results would be’ 


most difficult to interpret. Much of the effort in 
this investigation has been devoted towards the 


development of techniques which would separate - 


the various processes involved into component 
actions which individually are amenable to inter- 
pretation and analysis. The most successful 
technique was a pulsed method by which all the 
results presented here were obtained. All these 
measurements have been made with one diamond 
and with the primary beam striking the same 
area of the diamond although electron bombard- 
ment conductivity has been observed on other 
diamond crystals. This procedure helps to elimi- 
nate variations in response caused by inhomo- 
geneous trap distribution in the crystal.'4 
Although the results obtained represent only the 
behavior of this particular spot on this particular 
crystal, at least they are self-consistent and 
probably qualitatively characteristic of the per- 
formance to be expected from other crystals. 
Figure 2 shows the experimental tube used 
throughout this investigation which was designed 
by J. A. Burton. On the left-hand side is mounted 
a conventional high voltage electron gun. A series 
of three accelerating rings follows. The right- 
hand side of the tube is practically closed off by 
a metal diaphragm, in the center of which is a 
0.75-mm diameter hole. In front of this is a 
magnetically controlled shutter on which is 
mounted an alpha-particle source. With the 
shutter properly oriented, the alpha-particles can 
pass through the hole in the diaphragm and 
bombard the diamond crystal for test purposes. 
The crystal, mounted 1.6 mm behind the dia- 
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phragm hole, is approximately 6.3 mm in 
diameter and 0.45 mm in thickness. The two 
major faces are coated with an evaporated gold 
layer deposited to give a weight per square inch 
of 4 mg. This corresponds roughly to a thickness 
of about 2.5<X10-* mm. The actual thickness 
after evacuation was probably less than this 
because of migration during heat treatment. In 
addition, the front or bombarded electrode is 
divided by a 0.05 mm gap which is lined up 
behind the hole in the diaphragm. The diamond 
is held in place by two spring contacts on the 
front face which press it against the rear backing 
plate. This particular diamond was colorless and, 


‘by purely visual observations, apparently flaw- 


less. Before the electrodes were evaporated on, 
ultraviolet transmission measurements were 
made and it was shown to become opaque at 
2300A. According! to the nomenclature of 
Robertson, Fox and Martin,?* this would cor- 
respond to a Type II diamond. 

The outgassing schedule was quite conven- 
tional since the principal requirement placed on 
the vacuum conditions was that ionization be 
negligible as evidenced by cathode deterioration 
or electric breakdown. 


4.2 Method of Measurement 


After a general survey had been made by 
other methods, it was felt to be desirable to 
attempt to separate the effects caused by mere 
trapping of electrons in the crystal from those 
caused by the internal space charge set up by 


Hie 
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those electrons. A schematic drawing of the 
method adopted is shown in Fig. 3. Intensity 
modulation is used on the electron beam and the 
beam is always so oriented as to strike the 
crystal. A short pulse (~5 usec.) of primary 
current is produced. Simultaneously a high speed 
sweep is applied to the oscilloscope so that the 
details of the conductivity current through the 
crystal, resulting from the primary current bom- 
bardment, can be examined. As discussed in 
Section 3.2, there are substantial advantages in 
periodically reversing the crystal field rather 
than using a d.c. field. For convenience a sinu- 
soidal 60-cycle field has been used in general as 


this frequency is greatly attenuated by the. 


amplifier and thus no bucking circuit is required 
to prevent the amplification of the crystal 
voltage developed across the amplifier input by 
the finite impedance of the unbombarded crystal. 
In general, the pulse recurrence frequency is also 
60 cycles with variable phase so that it can occur 
at any desired phase of the crystal field. 

The video amplifier used throughout this 
investigation had an overall maximum gain of 
113 db, and the high frequency amplitude re- 
sponse, which was shaped to follow a Gaussian, 
was 6 db down at 18 mc. All input current mag- 
nitude measurements were made by adjusting 
a calibrated attenuator to give a constant de- 
flection on the oscilloscope. This procedure 
eliminated any deleterious effects resulting from 
non-linearity of the output amplifier. 

The pulser followed the customary design for 
double thyratron pulsers. It gave a flat-topped 
pulse of variable length with a rise time of ap- 
proximately 0.02 usec. and variable amplitude 
up to 75 volts. The sweep circuit gave a cali- 
brated sweep speed of from 0.3 usec./inch to 10 
usec. /inch. ; 

In measurement, the amplifier gain was set so 
that the current in the primary beam, measured 
with zero voltage across the crystal, gave a certain 
scope deflection= Pp» in the negative. direction. 
With a positive voltage on the crystal, the main 
contribution is due to electrons giving a pulse 
in the positive direction of say height=Pt. 
Then the “‘positive’’ yield 

PitPo Py 


6+ =—_—__ = — 


Po Po 
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Similarly the “negative” yield caused primarily 
by positive holes traversing the crystal when a 
negative voltage is applied to its back face is 
given by 


6;-=(P_/P»)—1, 


the observed conductivity pulse being in the 
negative direction.* 
In addition to the definitions of 6;+ and 6;-, 


the following symbols are used : 


Ip=unvarying primary beam current on which the 
pulse current is superimposed. 
4»= primary beam current during the pulse. 
1,=instantaneous value of effective current flow 
through the crystal. 
5; =4,/4p. 
V,=energy in electron volts of bombarding electrons 
when they strike the diamond crystal. 
Vp=potential of the diaphragm relative to the bom- 
barded face of the crystal. 
E,=voltage applied across the crystal relative to the 
bombarded face at the instant of the primary pulse. 
fE:=frequency of voltage Ez. 
fr=pulse recurrence frequency of primary bombard- 


ment. 
PL=pulse length of primary beam pulse. 


5. EXPERIMENTAL RESULTS 


5.1 External Secondary Emission from Bom- 
barded Face 


As stated in Section, 4.1, the surface structure 
of the bombarded face is not known too well 
owing to the effects of the heat treatment. Prob- 
ably the primary beam strikes a relatively thick 
gold layer in the center of which lies the 0.05-mm 
gap which is covered by an extremely thin gold 
layer which has migrated across the gap. In 
addition, the surface is covered with a layer of 
adsorbed gas since the heat treatment was cer- 
tainly not adequate to produce a clean surface. 
To safeguard against possible spurious effects in 
the EBC measurements, it was necessary to maké 
a rough measurement of the external secondary 
emission from the bombarded surface. Using the 
method shown in Fig. 3 but with both electrodes 
connected to the amplifier, i.e., no voltage across 
the crystal, the current to the target was mea- 
sured as a function of diaphragm voltage Vp. 
With Vp=-—130 volts practically all of the 
secondaries are prevented from leaving the 
target thus giving a measurement of i,. With 
Vp=+130 volts, all of the secondaries are 
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drawn away from the target surface thus giving 
a measurement of 7,—1,. Figure 4 shows the 6/V, 
curves obtained from these data for 3 kv<V, 
<15 kv, where 6 is the external or secondary 
emission yield. 

If 4 is the current measured by the amplifier, 


(—130= Vp = —20) 
(+130> Vp> +50) 


dim 
—-0 for 


dVp 


volts over most of the range in V, so that it is 
reasonable to assume that space charge effects 
were negligible and that most of the slow 
secondaries were suppressed when Vp was 
negative. However, one source of error lies in 
the impossibility of suppressing the elastically 
and inelastically scattered primaries. This affects 
the primary current measurement and is also 
important in determining the internal yield. 
From geometrical considerations, we can esti- 
mate roughly that the observed external yield 
should be decreased by 13 percent for V,;=3 kv 
and by 7 percent for V,=15 kv if we take 
account of the reflected primaries and the ter- 
tiaries which they produce on the diaphragm. 

It is interesting to see how this action affects 
the measurement of the internal yield in bom- 
bardment conductivity. All measurements are 
made with Vp = —40 volts thus suppressing most 
of the external secondary emission. The scattered 
primaries, if they lose energy, probably lose it in 
the gold electrode and it is unlikely that the 
internal secondaries produced ever reach the 
diamond lattice. Thus the scattered primaries do 
not contribute to bombardment conductivity and 
they are not measured in the primary current so 
that, as such, they can be neglected without 
error. However, the tertiaries which they produce 
on the diaphragm are collected by the crystal 
and measured as part of the primary current 
although they do not have sufficient energy to 
penetrate the electrode and produce any con- 
tribution to the induced conductivity. Conse- 
quently, we can estimate that the internal yield 
for 15-kv electrons should be increased by 5 
percent and for 3-kv electrons should be in- 
creased by 9 percent corresponding to the per- 
centages by which the primary current is 
increased by the addition of the tertiaries. This 
correction has not been applied to the results 


1613 





1.0 


























ry 
0. : 
6 
0.4 
0.2 
% 2 8 i2 16 








Vp KILOVOLTS 


Fic. 4. External secondary electron emission from gold 
electrode. 


since it is felt that the accuracy of measurement 
is not sufficient to warrant a correction of this 
magnitude. 


5.2 Internal Yield in the “Space-Charge 
Free”’ Crystal 


Using the pulsed method as shown in Fig. 3, 
it has been found experimentally that the largest 
yields at low field strengths across the crystal are 
obtained with an alternating voltage field in con- 
junction with primary bombardment during all 
or some part of both the positive and negative 
half-cycles of the field. It was concluded in 
Section 3.2 that this process produces a neu- 
tralization of the space-charge fields in the crystal 
so that, if the relative amounts of primary 
current bombarding the crystal during the 
positive and negative half-cycles of the field are 
properly adjusted, the internal conduction elec- 
trons produced by the first primary electrons in 
the pulse under consideration, enter an essen- 
tially space charge free crystal. The data which 
lead to this hypothesis will be considered later 
in Section 5.7; for the purposes of this section it 
is sufficient to assume that all measurements 
have been made with a space-charge neutralized 
crystal as defined by this procedure. The primary 
current pulse to be studied is locked in phase to 
the a.c. field applied across the crystal and may 
occur at the peak of either the positive or nega- 
tive half-cycles. This pulse is superimposed on a 
much smaller steady primary current whose 
magnitude is adjusted for each value of V, so as 
to give the maximum yield at low field strengths. 
At present this is purely an empirical adjustment. 

Figure 5 shows sketches of some typical wave 
forms of the induced current obtained by this 
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Fic. 5. Variation of observed pulse shapes with crystal 
voltage E,-V,=10 kv, ip=0.5 wamp., pulse length=5 
usec. 


method. In all cases the amplifier gain has been 
adjusted to give the same maximum excursion 
on the CR tube. The left-hand column shows the 
behavior of electrons traversing the crystal 
under various peak field strengths E,. Unless 
otherwise stated, the primary pulse current in 


all of the experiments has been 0.5 yamp. 
Although the absolute error in this figure may 
be as high as 20 percent, the relative error in 
reproducing it is probably of the order of 5 per- 
cent. It will be observed that at low field 
strengths the current through the crystal falls 
off rapidly after the initial peak. Presumably, 
this is due to the formation of an internal space 
charge or polarization which is set up by con- 
duction electrons which have been trapped as 
they traverse the crystal. With E,=1000 volts, 
corresponding to an applied field of 22,000 volts 
per cm, the rate of decay of the induced current 
is small in these experiments. Although the 
current flowing through the crystal is much 
larger in this case, the applied field is sufficiently 
great to overcome the influence of the internal 
space charge to a high degree. 

The right-hand column of Fig. 5 shows the 
variation of the negative yield taken under con- 
ditions identical with those prevailing for the 
positive yield except that here. the primary 
current pulse occurs at the peak of the negative 
half-cycle of the applied field. In this case the 
induced current is due to positive holes traversing 


the crystal. The space charge effects are here 
much more severe. At the highest field strength 
used the current has fallen to half its peak 
value in less than 0.5 usec. This difference’in the 
rates at which electron and positive hole space 
charges form may be due to differences in mo- 
bility, trap density or trapping cross section, or 
a combination of the three. , 

If we assume that the crystal is electrically 
neutral at a time immediately preceding the 
primary current pulse, the size of the initial 
induced current pulse should be a measure of the 
conductivity to be expected from a space charge 
free crystal. Consequently, we can define the 
peak yield as the maximum current traveling 
through the crystal during a pulse, divided by 
the bombarding current. Figure 6 shows the peak 
positive yield (electrons as charge carriers) so 
obtained as a function of applied field for dif- 
ferent values of primary electron energy V>. 
The value of V, does not take into account the 
amount of energy which the primaries lose in 
traversing the gold electrode on the bombarded 
face. The values of yield are not corrected for the 
effect of tertiaries on the primary current 
measurement as discussed in Section 5.1. The 
data in Fig. 6 were obtained with a 60-cycle 
applied field, i.e., f,=fz2=60™, t»=5 X10~7 amp., 
Vp = —40 volts, PL=10 usec. The steady com- 
ponent of primary current, J,, was readjusted to 
give optimum neutralization for each value of 
V, and ranged from 10-8 amp. for low Vy, to less 
than 10-" amp. for high V,. For the values of f, 
and PL used, the bombarding current during the 
pulse delivered a charge which would be equiva- 
lent to a steady current throughout the cycle of 
3X10- amp. It should be observed that the 
peak positive yield for V,=14 kv is about 600, 
which is many orders of magnitude greater than 
values which have previously been reported for 
bombardment conductivity.* 

Figure 7 shows the variation of the peak 
negative yield (positive holes as charge carriers) 
observed under conditions identical with those 
described above for the peak positive yield. In 
particular, for a given value of V,, the value of 


* Subsequent to the preparation of this paper, L. Pensak 
(Bull. j Phys. Soc. 53, No. 3, 47 (1948)) reported yields 
in excess of 100 from thin films of silica; and E. S. Rittner 
(Phys. Rev. 73, 1212 (1948) reported a yield of 123 for 
selenium bombarded with 2000 ev electrons. 




















I, is the same for 6;+ and 6;-. In other words the 
conditions of space charge neutralization which 
give the highest values of 5;+ appear to be the 
same as those for highest 6;- in the low field 
strength region. The variation of 5;- with E, is 
similar to that for 6;+ but, in general, for a given 
E, and V>,, 6;— is less than 6;+ by a factor which 
ranges from 2 to 5. Again, this suggests that the 
positive holes have a smaller range than the elec- 
trons. We: would expect that as the applied 
field is increased indefinitely, 5;+ and 6;- should 
both approach the same limiting value, neglect- 
ing the possibility of ionization by the internally 
produced charge carriers. 


5.3 Rate of Space-Charge Development 


A study of the pulse shapes described in the 
previous section can also give information about 
the rate of formation of the internal space charge. 
Of course, the evidence is indirect since we can 
observe only the variation of the induced current, 
i.e., the effect of the space charge on the current 
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Ex=PEAK POSITIVE VOLTAGE ACROSS CRYSTAL IN VOLTS 


Fic. 6. Peak positive yield for space-charge neutralized 
crystal. 
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Fic. 7, Peak negative yield for space-charge neutralized 
crystal. 






traversing the crystal. To date, these wave forms 
have not been analyzed in detail. Visual observa- 
tion suggests that the rate of decay in most cases 
resembles an exponential curve. Some rough 
measurements of 7, the time required for the 
induced current to fall to one-half of its peak 
value, were recorded at the same time that the 
data discussed in the previous section were 
obtained. For electron carriers, 7 is less than 0.1 
usec. for low crystal fields and increases to more 
than 10 ysec. for the highest fields which 
were applied ; it varies in an inverse manner with 
bombarding energy. For positive hole carriers, r 
behaves in a similar manner although, for a given 
field and bombarding energy, it is very much less 
than for electron carriers. It has been observed 
that the decay time is a marked function of the 
degree of space-charge neutralization, the con- 
dition of optimum neutralization producing a 
minimum decay time. Since it is unlikely that 
complete neutralization has been achieved in 
these experiments, it is quite possible that these 
values of 7 are too large to:be consistent with- 
the assumption of an initially space-charge free 
crystal. 
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Fic. 8. Effect of space-charge neutralization on peak 
positive yield. 


5.4 D.C. Field Applied Across the Crystal 


One aspect of this investigation, which led to 
the hypothesis of space charge neutralization, 
was the variation of the internal yield with the 
strength of a d.c. field applied across the crystal. 
The experiments were carried out in exactly the 
same manner as in the pulsed method in Section 
5.2, with the substitution of a d.c. potential 
source in place of the 60-cycle source which 
previously supplied the crystal field. The pulse 
recurrence frequency f,=60 cycles, pulse length 
PL=10 usec., 74,=0.5 pamp. Certain general 
characteristics were immediately apparent. The 
induced current resulting from electrons requires 
some time to reach an equilibrium value following 
a change in applied field. Any rapid change in 
this field produces a sudden increase in induced 
current which, within a second or so, decays to 
the equilibrium value corresponding to the new 
value of the field. The positive yield is not very 
reproducible and depends to some extent on the 
previous history. 

The behavior of the induced current as a 
result of positive holes is most interesting. It too 
exhibits a sudden increase with any change in E, 
and the equilibrium yield is very low. For all 
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values of V, up to 14 kv and applied field up to 
20,000 V/cm, the equilibrium value of 6;- was 
less than unity. This value was normally attained 
at low field strengths and then remained con- 
stant up to the highest field strengths used. 

The crosses in Fig. 8 show a typical variation 
of 6;+ with a dic. field E, for V,=10 kv. In 
general, the induced current did not decay 
appreciably with time during the pulse duration. 
Irrespective of the value of V,, the induced 
current broke into severe oscillations or fluctu- 
ations somewhere in the region of 500<E,<700 
volts rendering the measurement of 6;+ above 
this value of E, impossible. These fluctuations, 
once started, continued until the applied field 
was reduced considerably. If E, was then in- 
creased, the yield curve could again be repro- 
duced with the induced current breaking into 
oscillation at approximately the same value of E, 
as before. The oscillations did not necessarily 
occur immediately after E, was increased to the 
critical value. With E, constant at this value, 
as much as ten seconds might elapse before the 
oscillations started. Another feature was ob- 
served particularly for V,=14 kv. At a steady 
field strength slightly less than the critical value, 
5;+ suddenly increased spontaneously by about 
50 percent. In this region, 5;+~200. This effect 
was not always reproducible and certainly the 
yield exhibited a hysteresis-like behavior as Ez 
was varied around this value. 

These experiments indicate that large space 
charge fields can be set up in the crystal by 
trapped charges. Moreover at sufficiently high 
applied fields, sizable positive yields are obtained 
which do not decay with time. In this case a 
dynamic equilibrium is established in which the 
build-up of space charge is balanced by its decay 
as discussed in Section 3.2. The crystal is well 
shielded from ambient light so the decay is 
probably caused by the re-emission of trapped 
electrons into the conduction band by thermal 
agitation or by recombination with positive 
holes. The ‘‘inertia” effects indicate that if the 
equilibrium is suddenly upset, some time elapses 
before a new equilibrium can be established. It is 
possible that voltage polarization effects asso- 
ciated with impurity migration or surface charges 
are further complicating the process. Here the 
motion of positive holes is much more affected 
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by space charge than that of electrons and to a 
greater degree than in the experiments described 
in Section 5.2. 


5.5 Effect of A.C. Field Alone on Yield 


It is of interest to see if the mere application 
of an a.c. field across the crystal can affect the 
build-up of internal space charge appreciably. 
The pulsed method was used in such a way that 
the primary current pulse could occur only at 
the peak of the positive half-cycle of the 60-cycle 
field and there was no bombardment during any 
other portion of the field cycle, i.e., J,=0. The 
circles in Fig. 8 show that the plot of 6;+ against 
E, is very nearly the same as that shown by the 
crosses for a steady field. A few measurements 
with a field frequency of fz,=480 cycles and 
recurrence frequency f,=60 cycles gave sub- 
stantially the same result. Moreover, the same 
“inertia” effects were observed and the negative 
yield behaved as it did with a steady field in that 
6;->1 for any value of E£,. 

The general action does not appear to be appre- 
ciably different with an a.c. field from that ob- 
tained with a steady field under the conditions of 
the experiment. From this we may conclude that 
a mere reversal of the 60-cycle applied field alone 
does not affect the growth or decay of the internal 
space-charge fields appreciably, i.e., the trapped 
electrons cannot be released solely by virtue of 
the influence of the field reversal. 


5.6 The Effect of Pulse Bombardment During 
the Positive and Negative Half-Cycles of 
an A.C. Field 


The experiment just described in Section 5.5 
was repeated with the one difference that the 
frequency of the a.c. field was reduced to one-half 
the pulse recurrence frequency. In this the 
primary current pulse occurred first at the peak 
of the positive half-cycle of the field applied to 
the crystal and then at the peak of the negative 
half-cycle. The triangles in Fig. 8 show the 6;+/E, 
curve so obtained. The same curve was repeated 
for all fz, for which (fz,)(f,)t!=n+ } up to 
n=8, the highest value used. This curve and a 
similar one for 6;~ are in general agreement with 
the data presented in Section 5.2. Moreover, the 
‘inertia’ and instability obtained with a d.c. 
field are now not evident. 


1617 


5.7 The Effect of a Continual Bombardment in 
Conjunction with Pulse Bombardment 
and an A.C. Field 


Another way in which bombardment during 
both positive and negative half-cycles of the a.c. 
field can be obtained is simply to maintain a 
constant primary beam current J, and periodi- 
cally superimpose a primary pulse 7, phased with 
the field; i.e., f,=fz.. This is the method used in 
Section 5.2 to obtain the values of the peak 
yield for the ‘‘space-charge free”’ crystal. In this 
case, the pulse can be considered merely as a 
probe which samples the field conditions in the 
crystal periodically. However, in all the cases 
studied, the pulse had an appreciable effect on 
the internal fields so that in that sense, it was 
not an ideal probe. 

Figure 9 shows the variation of the peak 
positive yield with applied field for various 
values of steady primary current J, and V,=10 
kv. In all cases the primary current delivered 
during the pulse is a constant, 7,=5 10-7 amp. 
Clearly, there is a certain value of J,~3X10-" 
amp. which gives the maximum yield at low 
field strengths under these particular experi- 
mental conditions. Actually if the adjustment of 
I, is done empirically to give the highest yield 
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Ex = PEAK VOLTAGE APPLIED ACROSS CRYSTAL IN VOLTS 


Fic. 9. Peak positive yield as a function of various values 
of superimposed steady bombarding current. 
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rather than in fixed steps as was done here, the 
optimum 6,;+/E, curve more nearly approximates 
the results obtained in Section 5.6 using double 
pulsing. If 6;- is examined as a function of I, it 
also increases as J, is decreased until an optimum 
is attained. The value of J, for optimum 6;- 
appears to be the same as the value for optimum 
5;+. However, as J, is further reduced, 6; very 
quickly develops severe ‘“‘inertia’’ effects and 
drops to the order of unity. The behavior of both 
6;+ and 6,;- for other values of V, is quite similar 
to that for V,=10 kv. 

The different methods described in this and 
the previous section both achieve approximately 
the same result. In neither case are “inertia” 
effects observed, which suggests that here we do 
not have an equilibrium set-up such as con- 
sidered for a d.c. crystal field in Section 5.4. In 
all, the behavior is adequately described by the 
hypothesis of space-charge neutralization pro- 
pounded in Section 3.2. It should be observed 
that the criterion for optimum neutralization is 
solely that the relative bombardment during the 
positive and negative half-cycles of the crystal 
field should be such as to produce the maximum 
yield at low field strengths. Since a d.c. bias field 
was not used here, there is no assurance that the 
neutralization was homogeneous. Consequently 
the results presented in Section 5.2 for the yield 
in a “space-charge free’’ crystal should be con- 
sidered with caution. 


— = fi (1-e/9) 
--- A= A(\-e7400*) (1-e"/9) 
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Fic. 10. Comparison of theoretical yield curve with 
experimental results, 
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5.8 Comparison of Theoretical and Experimental 
Yield Curves for the ““Space-Charge Free”’ 
Crystal 


We are now in a position to make a comparison 
between the theoretical yield curve derived in 
Section 3.1 and the curves for the peak yield 
obtained experimentally in Section 5.2. However, 
the assumptions involved in the theoretical 
development should first be examined in the 
light of the experimental evidence. 

Although Ahearn’s experiments!‘ with alpha- 
particle bombardment have demonstrated that 
the trap distribution in‘ diamond is far from 
homogeneous, it is probable that the electron 
beam diameter (0.75 mm) is sufficiently large to 
cover many regions of different trap densities 
and thus we can take an average trap density 
which is equivalent to a homogeneous distribu- 
tion. By considering only the peak yield for a 
neutralized crystal, the neglect of the effects of 
internal space-charge fields is probably valid 
except for low field strengths where the decay 
time is of the order of the amplifier resolution 
time. The neglect of the interaction between 
positive holes and the corresponding free elec- 
trons is justifiable at these current densities and 
field strengths. However, this might not be true 
if high current densities were involved. Using 
the best available value for the mobility of a 
conduction electron in diamond (v= 156 cm?/volt/ 
sec.,27 the drift velocity is less than the thermal 
velocity almost up to the highest field strengths 
used. 

The solid line in Fig. 10 is a plot of A against 
Q as given by Eq. (6). We can relate our experi- 
mental results for the peak yield in a supposedly 
space-charge free crystal to this curve by suitable 
scaling factors applied to the ordinates and ab- 
scissae. Let the observed yield 5=k,A and ‘the 
corresponding voltage applied across the crystal 
E=k.Q. The experimental data on the peak 
positive yield as shown in Fig. 6, have been so 
treated and the results are shown by the experi- 
mental points in Fig. 10. The fit, for each value 
of V,, was made at two points; no attempt was 
made to use a least-squares method. In view of 
the roughness of the data and the method of 
curve fitting, it is gratifying that the agreement 


27 F, Seitz, Phys. Rev. 73, 549 (1948). 
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between experiment and theory is quite good 
over most of the range of A. 

In all cases, the experimental curve falls 
below the theoretical curve for low values of A. 
In this region, the experimental points may be 
approximated by the dotted curve given em- 
pirically by 


A=Q[1—exp(— 400?) ][1 —exp(—2-")]. 


This discrepancy may be due to the neglect of 
interaction between positive holes and free elec- 
trons. From this we should expect some recom- 
bination at sufficiently low field strengths, thus 
reducing the number of free electrons available 
for conduction. However, a calculation by R. R. 
Newton* suggests that this effect is negligibly 
small at the current densities used. It appears 
that this discrepancy is entirely due to the ex- 
perimental set-up. In all cases where 2 was small, 
7, the time required for the observed induced 
current to fall to half-value, was of the order of 
0.1 ysec. or less. This is approaching the resolu- 
tion time of the amplifier and it is probable that 
in these cases the space-charge fields developed 
so quickly that the induced current was appre- 
ciably reduced from its peak value before the 
amplifier could respond fully. Since the decay 
times for negative yields caused by the transit 
of positive holes were much less than those for 
positive yields, this effect should be much more 
severe. For this reason, no attempt was made to 
correlate the experimental data for negative 
yields with the theoretical curve. 

The scaling factors employed to fit the experi- 
mental points to the theoretical curve in Fig. 10 
provide certain additional information. Since 
A=6/5., we see that 5..=k,. We would expect 
that k; should be proportional to V,; this is not 
found to be true. Rather, k; increases much more 
rapidly than does V,. This is probably caused by 
the loss in energy of the primary electrons in 
traversing the gold electrode. The energy so lost 
is a function of the primary energy particularly 
since the electrode is probably not of uniform 
thickness (Section 4.1). Thus we can only con- 
clude that the values of ki = 6. are too small, the 
error being smallest for large V,. For V,=14 kv, 
50 =836 which corresponds to 16.7 ev of the 
primary electron’s energy being required to 


28 Private communication. 
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produce one internal secondary. If this were cor- 
rected for the energy loss in traversing the elec- 
trode, it would probably be close to the value of 
10 ev/electron found by A. J. Ahearn for alpha- 
particle bombardment of diamond." 

The values of the abscissa scaling factors kz 
are also useful. Since Q=v7TE//?, we see that 
k2!'=vTT-. As none of the factors in ke depend 
on the current traversing the crystal, we should 
expect that k2 would be a constant independent 
of V,. Actually, ke varies irregularly from 410 
volts to 800 volts. It is believed that this 
variation is caused by imperfect space-charge 
neutralization of the crystal between primary 
pulses. Since the degree of neurtalization was 
adjusted empirically for each different value of 
V,, it is probable that variations should exist 
between the various sets of measurements. In any 
case, the values of the product vT range from 
3.1X10-* to 6.110-* cm?*/volt. As the space- 
charge neutralization is improved, the yield at 
low applied fields increases, i.e., vT apparently 
increases. Thus we are justified in assuming that 
the larger value of vT is more nearly appropriate 
to the case of the space-charge free crystal. 
Unfortunately, we have no experimental evidence 
which yields values of either v or T independently. 
However, Seitz?’ has recently computed the 
mobility of free electrons in diamond at room 
temperature and arrives at a value of v=156 
cm?/volt/sec. Using it, we see that T=3.9 10° 
second. 

The density of traps in a homogeneous crystal 
is related to the free electron lifetime by the 
expression, 


N.,=1/Tou, (7) 


where N,=density of traps, o=area of trapping 
cross section, “=thermal velocity of a free elec- 
tron ~1.2X107 cm/sec. 

Although we have no direct experimental 
evidence for a value for o, we can assume that 
10-'*>¢>10-"” cm?, as determined from phos- 
phor studies on ZnS. With these values we find 
that the density of effective traps lies between 
2.110!*/cm? and 2.1X10!7/cm*. These values, 
which correspond to concentrations of between 
one to ten traps per 10’ atoms, appear to be 
entirely reasonable, thus lending confirmation to 
the validity of the foregoing theory. 
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. 11. Theoretical variation of probable ‘‘transit” 
time with electron range. 


5.9 Average Electron Transit Time 


The transit time of a primary electron is here 
defined as the time elapsing between the entrance 
of the primary into the crystal and its arrival at 
the end of its ionization range. A 14-kv primary 
traveling with a velocity of 710° cm/sec. is 
“stopped” in about 3X10-‘ cm and thus has a 
transit time of less than 10-'* sec. which is 
probably negligible. 

Of more interest is the transit time of the 
internal secondary electrons which is defined 
here as the total time that they are mobile. 
Equation (2) gives the mean range of all con- 
duction electrons. These are assumed to move in 
the direction of the field with a drift velocity vF 
so that the average time in motion or transit 
time ¢ is given by 


i/T=1 eel), (8) 


Figure 11 shows a plot of this function. For low 
field strengths, the transit time is simply equal 
to T. It decreases as the field strength increases 
since an increasing number of electrons are col- 
lected on the anode and thus do not spend the 
full time 7 in the conduction band. When the 
yield has reached 90 percent of 5., the transit 
time has decreased to 0.197. The ordinate scale 
is established by the value T=3.9 10-8 second 
determined in Section 5.8. From this we can 
conclude that frequencies of the applied field of 
the order of 10° cycles can be used before adverse 
transit time effects will be encountered. 


5.10 Internal Current Fluctuations 


In Section 5.4 there is a discussion of the 
development of large fluctuations in the induced 
current for d.c. fields of about 10,000 volts/cm. 
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It should also be noted that small fluctuations 
have occasionally been observed at field strengths 
of around 20,000 volts/cm using an a.c. field in 
conjunction with space-charge neutralization. 
No extensive measurements have been made of 
the phenomenon. However, a tentative hypoth- 
esis has been considered. Fréhlich*® has recently 
published an extension of his theories of dielectric 
breakdown in which he shows that, if the inter- 
action between free electrons in the conduction 
band is negligible, an electron which exceeds a 
certain energy will tend to gain energy from the 
field more rapidly than it can lose it to the 
lattice and thus will continue to gain energy 
indefinitely until it can produce ionization. Very 
roughly, such a process should become feasible 
when the electron acquires energy amounting to 
about kT from the field during the interval 
between two large angle collisions. Although 
Fréhlich’s theory is developed for ionic crystals, 
this criterion is probably applicable to a non- 
polar crystal by using a suitable value of the 
mobility. The relation between the mobility v 
and the relaxation time 7 is roughly equivalent 
to the statement that v is the velocity which an 
electron, starting from rest, would acquire in 7 
seconds under the influence of a unit field. Thus 
the energy which an electron acquires between 
collisions resulting from interaction with a field 
F is approximately 


e=4m(vF)?. (9) 


The critical field strength is determined by 
equating ¢ to kT and is equal to 


F,.=1/0(2kT/m)}. 


If we assume Seitz’ value of v= 156 cm?/volt/ 
sec., m=normal electronic mass, and .oom tem- 
perature, we find that F,.=6.1X10‘ volts/cm. 
This is somewhat higher than the field strengths 
which have been applied during the experiments. 
However, we have not taken into account the 
effect of the internal space-charge fields. Even 
when space-charge neutralization was used, it is 
unlikely that the neutralization was completely 
homogeneous and thus, in some part of the 
crystal, the actual field must have exceeded the 
applied field. This effect should be much more 
pronounced when a d.c. field is used as much 


29H. Fréhlich, Proc. Roy. Soc. (A) 188, 532 (1947). 


(10) 
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more intense space-charge fields can then be 
built up. Any electron which has passed through 
the region where the majority of the trapped 
electrons occur would then encounter a strongly 
accelerating field considerably in excess of the 
applied field. As a result of energy fluctuations, 
a certain number of these electrons may exceed 
the critical energy value and then may be 
accelerated to ionizing energies. It is significant 
that experimentally, the fluctuation currents are 
more pronounced and occur at lower applied 
fields when large space-charge fields are allowed 
to develop. The sudden increase in yield occa- 
sionally observed in this case just before the 
critical field strength is reached would then be 
interpreted as caused by the temporary establish- 
ment of the right field distribution to produce 
a non-fluctuating enhancement of the induced 
current by “‘tertiary’’ production by the conduc- 
tion electrons. In general, such a condition is 
expected to be a very critical function of crystal 
field. 

Considering the effects of inhomogeneous trap 
distributions, it is probable that it will be unde- 
sirable to exceed this critical field strength in 
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bombardment conductivity studies in general. 
The product vF is then bounded above and, since 
the figure of merit of a bombardment conductive 
material is the range w=vFT, improved per- 
formance could only be obtained by increasing T, 
i.e., reducing the probability that an electron 
may be trapped in a given time interval. This 
limitation of the product vF is probably not 
applicable to thin film targets since there a con- 
duction electron may never gain sufficient energy 
to produce tertiaries even in very high fields. 

This hypothesis, if correct, leads to the possi- 
bility of making a quantitative study by a new 
method of the factors which lead to dielectric 
breakdown. The use of a non-polar material may 
have some advantages over the polar materials 
which have been so extensively studied hereto- 
fore. 

I wish to express my thanks to my colleagues 
at the Bell Telephone Laboratories who have 
contributed much to this work. In particular, | 
am grateful to A. J. Ahearn who performed a pre- 
liminary investigation of the diamond crystal by 
alpha-bombardment, and to J. B. Johnson and 
A. H. White for many illuminating discussions. 
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In order to explain the properties of a barium titanate single domain crystal, a previous 
theory of the ferroelectric effect in rochelle salt has been extended to the three-dimensional 
structure of barium titanate. This involves six equilibrium positions and results in significant 
differences from the single bond type of structure of rochelle salt. Thé theoretical features 
considered are a calculation of the spontaneous polarization as a function of temperature, the 
dielectric constants along the a=y and c=z axes as a function of temperature, the relaxation 
of the dielectric constant at high frequencies, and the hysteresis loops. All of these features are 
explained by the three-dimensional model considered here. 





N a previous paper,! a theoretical explanation 
was given for the ferroelectric effect in rochelle 
salt, which depended on the motion of a hydrogen 
nucleus between the two equilibrium positions of 
a hydrogen bond. It is the purpose of this paper 
to show that the principal features of the barium 
titanate single domain crystal can be explained 
by an extension of this model to the three- 
dimensional structure of barium titanate in- 
volving six equilibrium positions. 


I, EXPERIMENTAL DATA 


Barium titanate above the transition tempera- 
ture of 120°C has the cubic cell shown by Fig. 1. 
The barium atoms occupy the corners of the cell, 
the oxygens the face-centered positions, while the 
titanium is usually pictured as being in the center 
of the cell. As a matter of fact, it probably makes 
a covalent bond with one of the face-centered 


fr | 








eee [4 
oO f 


O- BARIUM @-OxYGEN @- TITANIUM 
UNIT CELL FOR BARIUM TITANATE ABOVE 120 C 

















Fic. 1. Unit cell for barium titanate. 


1 W. P. Mason, Phys. Rev. 72, 854 (1947). 





oxygens and is displaced in the direction of that 
oxygen by about {0.16A? from the center of 
the cell. Above 120°C the thermal energy is 
sufficient to cause any one of the six positions to 
be equally probable and the cell appears to be 
cubic from x-ray measurements. Below 120°C 
thermal energy is no longer sufficient to cause any 
position to be equally probable, and most of the 
molecules in a given region or domain line up 
along one of the six directions, a dipole moment 
develops in that direction and the crystal be- 
comes ferroelectric. The axis along which the 
titanium has been displaced becomes larger than 
the other two, as shown by the x-ray measure- 
ments of Miss Megaw? (as shown by,Fig. 2) and 
the crystal changes from cubic to tetragonal 
form. 

The dielectric measurements of multicrystal- 
line ceramics, multi-domain crystals, and single 
domain crystals all show the presence of a 
ferroelectric material below 120°C. Dielectric dis- 
placement—electric field curves occur in the form 
of hysteresis loops. The dielectric constant at low 
field strengths for multicrystal ceramics,‘ as 
shown by Fig. 3, rises to a high value at the 
temperature of 120°C. Above 120 degrees, the 
dielectric constant follows a Curie-Weiss law ap- 
proximately, and the dielectric constant decreases 
inversely as the difference between the tempera- 


* This value for the displacement of the titanium atom 
from the center of the unit cell has recently been measured 
by x-ray methods by Gordon Danielson, Phys. Rev. 74, 
986 (1948). 

3H. D. Megaw, Proc. Roy. Soc. 189, 261-283 (1947). 

*Von Hippel, Breckenridge, Chesley, and Tisza, Ind. 
Eng. Chem. 38, 1097-1109 (1946). 
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ture and the Curie temperature or 
e=atC/(T=T)), (1) 


where € is the constant dielectric constant for 
temperatures much higher than the Curie tem- 
perature. C is a constant, JT the temperature, and 
Ty the Curie temperature. Below the Curie tem- 
perature the dielectric constant decreases from its 
high value to a value of about 350 near absolute 
zero. The steady decrease is interrupted at two 
temperatures 10°C and —70°C. At these temper- 
atures no discontinuities occur in the axis length 
and hence these points cannot be associated with 
a change in dipole moment and hence with the 
position of the titanium nucleus. It has been sug- 
gested by Matthias and von Hippel® that these 
are due to a change from octahedral bonding of 
the titanium atom to a hybrid type of bonding 
which may become more probable at the lower 
temperature. Since this does not involve an ap- 
preciable change in the position of the titanium 
nucleus, this appears to be a reasonable sugges- 
tion. As the result is a small second-order change 
in the dielectric constant, it is neglected in the 
theory presented here. 

The dielectric constant for multi-domain crys- 
tals is not too different from those for the multi- 
crystalline ceramics. Figure 4 shows the measure- 
ments of Matthias and von Hippel’ for the a and 
c axes. The dielectric constant along the a axis is 
higher than that along the c axis. The lowering of 
the Curie point is probably caused by the 
impurities introduced. By introducing larger 


-amounts of mineralizers, single domain crystals 


of a relatively large size have recently been grown, 
and these show a very marked difference between 
the dielectric constants along the two axes. As 
shown by Fig. 5, the dielectric constant along the 
c axis is less than that for a ceramic material. 
When the dielectric constant along the a axis is 
measured over a frequency range, a relaxation 
occurs at about 15 megacycles and the dielectric 
constant drops to about 1200 or less, as shown by 
Fig. 6. A similar relaxation in the dielectric con- 
stant of the ceramic occurs at about 10° cycles as 
shown by the measurements of Nash* and Yager 


5B. T. Matthias and A. von Hippel, Phys. Rev. 73, 
1378-1384 (1948). 

6D. E. Nash, Jr., J. Exper. Theor. Phys. Acad. Sci. 
U.S.S.R. 17, 537 (1947). 


Data on Unit Cell Axes of Barium Titanate as a Function of 
Temperature (Data from H. D. Megaw). 
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Fic. 2. Cell dimensions as a function of temperature. 
(unpublished).’ At 23.7-centimeter wave-lengths, 
the former found a dielectric constant and tané of 

e=1250 to 1420, tané=0.2, (2) 


while at 1.25 centimeters Yager found a dielectric 
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Fic. 3. Dielectric constant of barium titanate ceramic as 
a function of temperature. 


7 The dielectric constants of barium titanate ceramics 
have recently been measured at 1.5 megacycles and 9450 
megacycles over a temperature range from 20°C to 160°C 
by J. G. Powles of Imperial College of Science and Tech- 
nology. The results are described in a note sent to Nature. 
From the variation of the relaxation frequency with tem- 
perature, one can calculate that the activation energy. is 
3.65 kilocalories per mole in fair agreement with the value 
found in Eq. (63). 
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Fic. 4. Dielectric constants for the two crystallographic 
axes for multi-domain crystals of barium titanate. 


constant of approximately 


€=250 to 320, tané=0.70. (3) 


From these measurements it can be calculated 
that the dielectric constant has a relaxation fre- 
quency of about 6.2 x 10° cycles. 

The relaxation of the dielectric constant at 
these frequencies shows definitely that the high 
dielectric constant is due to a temperature 
movable dipole rather than a high dielectric con- 
stant of the type due to the near vanishing of the 
factor (1— 7) in the dielectric equation 

e—1 
a a: ’ (4) 
4r 1-—6y 


where y is the polarizability and B the Lorentz 
factor, since the polarizability y due to electrons, 
ions and atoms should not vary with frequency 
up to the infra-red frequencies. Hence, a temper- 
ature variable dipole of the type discussed in the 
next section is required to give a relaxation fre- 
quency as low as 15 megacycles. 


II. SPONTANEOUS POLARIZATION AND 
DIELECTRIC CONSTANT UNDER 
EQUILIBRIUM CONDITIONS 


The model considered here is the one shown by 
Fig. 7. Here there are six potential minima in the 
direction of the six oxygens’which are displaced a 
distance 6 from the center of the unit cell. If the 
titanium nucleus is taken from a position such as 


1 to position 2 directly across the unit cell, the 
form of the potential barrier may be as shown by 
Fig. 8 in which AU represents the height of the 
potential curve at the center with respect to that 
at the minima. If the nucleus went directly from 
position 1 to position 3, it would in general have 
to cross a higher potential barrier than AU, but 
equilibrium between the two positions can be 
established by the nucleus jumping to a position 
slightly to one side of the center in the direction 3 
and hence it is thought that the potential barrier 
determining the relaxation frequency for a 1 to 3 
jump will not be much higher than for a 1 to 2 
jump, namely AU. . 

For low frequencies, i.e., for frequencies well 
under the relaxation frequency, equilibrium 
values can be calculated by using Boltzmann’s 
principle that the equilibrium ratios of numbers 
of nuclei in two potential wells are in the ratio 


Ni/N2=e8!*? (5) 


where E is the potential difference between well 2 
and well 1, k is Boltzmann’s constant and T the 
absolute temperature. 

Suppose now that all the minima of Fig. 7 have 
initially the same potential, which is set equal to 
zero. Then if we apply a field EZ, in the z direction, 
a polarization P, in this direction results. This 
polarization causes an internal field F of the 
Lorentz type given by the equation 


F=E+$6P (6) 


where £ is 42/3 for an isotropic material but will 
be much less than this when the titanium nucleus 
comes close to the oxygen atom. The total 
polarization consists of a part P, due to electrons 
and atoms and a part Pz, due to the dipole caused 
by the displacement of the titanium nucleus from 
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Fic. 5. Dielectric constants for a single domain crystal. 














the mid-position of the unit cell. The dipole 
moment introduced by this change is 


u=4e6, (7) 


since the valence of the titanium is 4 for the 
structure, e is the electronic charge, and 6 the 
distance the titanium nucleus moves in going 
from the center of the unit cell to the equilibrium 
position. An addition to the dipole may also 
result from a displacement of the oxygen in the 
direction of the titanium. The electronic and 
atomic polarization exerted will be proportional 
to the local field F, so that 


F=E+6(P.+Pa]=E+8lyF+Pa] 


or 


E+6Pa 
F= 
1—By 





(8) 


where y is the polarizability per unit volume due 
to all polarization except that of the titanium 
dipoles. The polarizability y can be determined 
from the dielectric constant ¢) measured at very 
low or very high temperatures, for since 


(eo—)1/4e=Pz/E=yF/E (9) 


and for Pa suppressed, F= E/(1— Sy), hence 


é9—1 ¥ (€0 ie 1) 
= and 4ry= 


4r 1—By 








(10) 
1+—(eo— 1) 
4nr 


The dielectric constant « near absolute zero is 
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Fic. 6. Dielectric constant of an axis asa 
function of frequency. 
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MINIMA 


Fic. 7. Theoretical model for barium titanate, showing 
poe of oxygens and potential minima for the titanium 
nucleus. 


about 350, hence 


1 B 
1—fy 4r 


This internal field caused by the applied field 
E, causes a decrease in the potential at the 
minima 1 and an increase in the potential at 2 
equal, respectively, to 


E.+8P. 
a, 
1—By 


E.+6P, 
nef 
1—py /. 


Ui;= —Fyu= -( 
(12) 


The potentials for the other four wells are 
unchanged by this field and hence, 


U3;= U,= U;= U.=0. (13) 


By-Boltzmann’s principle (Eq. (5)), the rela- 
tive number of nuclei in the six potential wells, all 
expressed relative to NV; are 


: E.+6P. u 
Ni=N; exo| (——)-] - 
{ 1—By / kT. 


E.+6P, td (14) 
endive iene 


N3;=Ni=N;=Nez. 


Then, since the total number of nuclei is equal to 
N where N is the number per cubic centimeter, 
we have 


N=N,+N2tNitMet Nets. (15) 
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from the center of the cell. 


Substituting in the values from Eqs. (14) we have 











E.+6P, BY 
N exp} { — — 
1—By kT] 
N= ; 
E.+6P;\) 
a| 2+ cosh(—*) 
1—By | 
E,+6P, Me 
Snip (——— —| 
1—By 7k 
N2= ; (16) 





E.+6P, i 
2 +cosh (=) 
1—By 7 kT 


N;3 c= Ni = N; = Ns 





N 

E,+8P.\ «7 
a|2+- cosh (=) * ] 

1—By 7 kT 


The polarization of a dipole nature excited 
along the Z axis will be then 


P,=(Ni—No)u 
_ Na sinh[ (Z.+8P2)/(1—By) ]u/kT 
2+cosh[{(E.+6P,)/(1—By) Ju/kT 





All the equilibrium values of spontaneous polari- 
zation, coercive fields, dielectric constants, etc. 
can be determined from this equation. 

Let us first consider the condition for spontane- 
ous polarization and the ferroelectric effect. This 
can be obtained by setting EZ, equal to zero and 
determining the conditions for which the polari- 
zation P, is different from zero. Setting E, equal 
to zero and introducing the. substitution 


A =[8Nu?/(1—By) J1/kT. (18) 
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Equation (17) becomes 
P, sinh(A P,/ Nu) 
Nu 2+cosh(AP,/Nu) 








(19) 


Examining this equation, we see that P./Nu will 
have a solution different from zero only if A is 
equal to 3 or greater. If A is greater than 3, P./Nu 
can have a positive or negative value lying be- 
tween zero and 1. This represents a spontaneous 
polarization along the positive or negative Z axis 
due to the internal field generated by charge dis- 
placements of the titanium nuclei from the 
central position. In general any one of the oxygen 
atoms can be considered as lying along the Z axis 
and only chance determines in which direction 
the spontaneous polarization occurs. 

If we solve for P,/Nu as a function of A, the 
relation shown by Fig. 9 results. This is a very 
much larger increase of P,/Nu with increase in A 
than occurs for a single bond of the hydrogen 
bond type which is determined by an equation of 
the type 


P,/Nu=tanh(AP,/Ny). (20) 


The relative increase for this type is shown by the 
dashed line of Fig. 9 for the same percentage in- 
crease in A. Some confirmation for this sudden 
increase in polarization is obtained from the cell 
dimensions shown by Fig. 2. The changes in cell 
dimension, which are independent of the direc- 
tion of polarization along the Z axis, can be re- 
garded as due to the electrostrictive effect in 
barium titanate. The electrostrictive effect for 
the barium titanate ceramic has been investi- 
gated in a previous paper® and it is there shown 

1.0 


| THREE DIMENSIONAL 
STRUCTURE 


° 
@ 
| 


“ 
= 


°o 
o 


—— 
rd 
SINGLE 


BOND 


RATIO OF Ps /Ny 
° 
rs 





3.0 3.2 3.4 3.6 3.8 4.0 42 4.4 4.6 4.8 
VALUE OF A 
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factor A. 


® W. P. Mason, “Electrostrictive effect in barium titanate 
ceramics,’’ Phys. Rev. (to be published). 
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that the ceramic has an increase in thickness and 
a decrease in radial dimension given by the strain 
equations 


S33= Q11(P.)? ; 
where 


Q11=6.9 X10-” (cm?/stat coulomb)’; 
Qi2= —2.15 X10-” (cm?/stat coulomb)”. 


S11 = S22 = +Q12(P,)? (21) 


While the value of Q1:/Q12 is not exactly equal to 
—2 for the ceramic, a guide to the spontaneous 
polarization is obtained from these values. At 
20°C, S33 the longitudinal thickness strain is 
equal to 6.7X10-* while the radial thickness 
strain is equal to Si: = S22.=—3.3 X10- from the 
measurements of Fig. 2. With these values and 
the electrostrictive constants of Eq. (21), the 
indicated spontaneous polarization for the two 
effects is 


stat coulomb 











P,= 31,500 
cm? 
coulomb 
= 10.5 X 10-&— (long.), 
cm? 
(22) 
stat coulomb 
P,=39,000 
cm? 
coulomb 
= 12.9 10-*———— (radial). 


cm? 
Taking the average of these 


stat coulomb 





P,=35,250 
cm? 


coulomb 
=11.7X oo (23) 
m 


This value agrees quite well with that measured 
electrically by means of the hysteresis loops. For 
this value Matthias and von Hippel find a value 
12 10-* coulomb/cm? while Hulm’ finds a value 
16X10-* coulomb/cm?. This calibration allows 
one to obtain the spontaneous polarization as a 
function of temperature, and this is shown 
plotted by Fig. 10. The very sudden rise in 
spontaneous polarization just below the Curie 


®F, Hulm, Nature 160, 126 (1947). 
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Fic. 10. Measured spontaneous polarization as a function 
of the temperature. 


temperature is evident, and this agrees quali- 
tatively with that shown by Fig. 9. 

To find if the spontaneously generated polari- 
zation agrees quantitatively with that calculated 
from Eq. (19) we have to evaluate A and yu by 
other methods. One method for doing this is to 
measure the dielectric constants at low field 
strengths as a function of temperature. The 
calculated value can be obtained from Eq. (17) 
by dividing the polarization P, into the spontane- 
ous part Ps and a very small alternating part 
Pye*t. The applied field E,e' is assumed very 
small and hence we have 


ested a bu 
sinh J——- 
kT 
































1—By 
: (E.+BPo)e**) pu BPs \ pu 
= sinh E cosh ( Me 
1—,y kT 1—By/ kT 
(E.+6Po)e**7 u BPs 
+ cosh EB sin h( - 
1—By kT 1—,y 
E,+BP»)e*'! APs 
= ( iit cosh PP (24) 
—By)kT Nu Nu 
Similarly, 
[(E,+6Po)e*'+6Ps] u APs 
cosh E =cosh 
1—By kT Nu 
(E,+BPo)e**] uw APs 
+ i sinh——. (25) 
1—By kT Nu 


Inserting Eqs. (24) and (25)/n (17) and solving 
for the constant and time variable parts, we ob- 
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tain Eq. (19) for the constant part, and for the 
time variable part we have 
Poei*t (E,+8Po)e 
Nut (1—By)T 
2 cosh(APs/Nu)+1 
[2+cosh(APs/Nu)]*) 





(26) 





Solving for Po, multiplying by 4x and adding the 
dielectric constant for electrons and atoms, the 
dielectric constant for the z axis becomes 


APs 
B cosh——+ 1 
4nrA Nu 


B APs 
2+cosh 


4 Nu J 














€.=€o+ 


ig APs a 
2 cosh—— +1 
Nu 





APs 
2+cosh—— — A 


Nu APs 
2+cosh 


5 Nu 3 








Above the Curie point, the spontaneous polariza- 
tion Ps disappears and this equation reduces to 


(42A /B) C x 
€,=€o + =éeot+ (28) 
3—A T-T> 


upon introducing the value of A from Eqs. (18) 
and (11), where 

‘ 4aNy*l1+8(eo—1)/4x] 

é 3k 





(29) 


ve (140 8(e—1)/4 
ra +[B(eo—1)/47]}. 


8 
To= 


The single domain crystals have so many im- 
purities in them to prevent the breaking up of the 
crystal into multi-domains that they do not 
revert to a cubic crystal above the Curie point. 
This is shown by the different dielectric constant 
for the two directions above the Curie point. The 
same is true to a lesser extent for the multi- 
domain crystals, but the ceramic pieces show a 
pronounced maximum and-a Curie region above 
120°C, much in agreement with Eq. (28). Since 
above the Curie temperature the crystal becomes 
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cubic and all directions equivalent, it is thought 
that the best values for C and 7» will be obtained 
from a dense ceramic piece. From the dielectric 
constant above 120°C of Fig. 3, we obtain the 
values 
C=40,000; 7=393°K 

and from low temperature measurements 

€) = 350. (31) 
Taking the ratio of C/T» of Eq. (29) we find 


B= (4rT0/C) =0.124 (32) 


(30) 


upon inserting the experimental values. Then, 
since the number of dipoles per cubic centimeter 
(as determined from the size of the unit cell) is 
N=1.56X 10”; k=1.38X10-*, we have 


4m (1.56 X 10?) u?[ 1 +0.124(350/4z) ] 
3X 1.38 X 10718 





C=40,000 = 


or 


u=4.34 10-8, (33) 


This value of » agrees fairly well with the value 
one would obtain from the recent x-ray observa- 
tions that the titanium atom is displaced by 
0.16A from the center of the unit cell. If the 
oxygen atom moves an equal distance to meet it 
(which could not be determined by x-ray obser- 
vations), the dipole moment would be 


(4e+-2e) (0.16 x 10-*) =6 X4.8 X10-° 


X0.16X10-§=4.6X10-. (34) 


If all the dipoles pointed in one direction, the 
total polarization would be 


Nu = 1.56 X10” X 4.34 X 10-* = 67,500 e.s.u. 


=22.5X10-* coulomb cm?. (35) 


The measured value of approximately 35,500 
e.s.u. is 53 percent of this. If all the quantities 
entering Eq. (18) for A were independent of 
temperature except JT, the absolute temperature, 
the value of A for 27°C =300 K would be 3.94, 
and from Fig. 9 the theoretical value of the 
polarization Ps/Nu should be 0.90, rather than 
the measured value of 0.53, which corresponds to 
a value of A =3.090. This result indicates that 
some of the quantities in the expression for A 
decrease as the temperature is lowered. A similar 
result is also required for the variation of dielec- 
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tric constant with temperature. A value of 
A=3.090, Ps/Nu=0.53, and B set at 0.096 (in 
order to give a value of A =3.090), and all the 
other quantities unchanged, results in a dielectric 
constant of 1390 which agrees well with the 
dielectric constant for a ceramic or for a multi- 
domain barium titanate crystal. The variation 
may beascribed to 8 or to €) because the measured 
temperature expansion coefficients indicate that 
N and yu should be relatively constant. From the 
x-ray data of Fig. 2 it is seen that from 120°C to 
0°C, N should increase by 0.15 percent. Since the 
titanium atom is tightly bound to the oxygen, the 
distance between the center of oxygen and 
titanium should not change appreciably because 
of temperature contraction, and hence uy also will 
not change much with temperature. The value of 
€), however, may be different for the a and c axes 
since the a axis decreases while the c axis in- 
creases. Hence, e, may be smaller and ¢, larger 
than «. The Lorentz factor 8, also, may vary 
considerably depending on the condition of the 
surrounding electrical charge configurations. For 
isotropic conditions, the theoretical value is 
4r/3=4.19. For the case of the titanium sur- 
rounded closely by the oxygens the experimental 
value is only 0.124. As the temperature is de- 
creased, all the oxygen atoms come closer to- 
gether and hence a decrease in @ is to be expected. 
Assuming all the variation due to 8, the values to 
agree with the dielectric constant measurements 
are shown plotted by Fig. 11. With these values 
of 8 (assuming all the other quantities in A are 
independent of the temperature), A can be 
evaluated as a function of temperature and the 
theoretical values of spontaneous polarization 
can be determined from Eq. (19). These are 
shown plotted by the dashed line of Fig. 10, and 
these agree closely with those determined from 
the electrostrictive effect. Hence, two inde- 
pendent sets of data are satisfied by the 8-curve. 


III. DIELECTRIC CONSTANT ALONG a AXIS 


Measurements for the dielectric constants 
along the a axis for sifgle domain crystals show 
that the dielectric constant along this axis is very 
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Fic. 11. Value of Lorentz factors 6; and $2 for z=c and 
y =a axes as a function of temperature. 


much larger than that along the c axis. To de- 
termine the dielectric along the a axis, according 
to the model shown by Fig. 7, with a field applied 
along the Y axis, and a spontaneous polarization 
occurring along Z, the potentials for all six wells 


are 
BiP sp BiP su 
Ui= -( ) ; = ; 
\1—By 1—Biy 
_ (Eyt+bPy]e ia (Fae) _ (36) 
(1—Bey) 1—Byy J 
U;= U,.=0. 





We assume that #2 along the Y axis may be 
different from (1, along the Z axis. Applying the 
Boltzmann principle and relating Ni, N2, N3 and 
N, to N;=N¢ we find , 


BiPs \ pz 
Ni=N;5 exp = - 
1—Bry/ kT. 
BiPs ld 
N2=N; exp— —|; 
1—Biy/ kT. 


Ey+62Py Me 
N;=N; exp Sed et 
1—Byy JkT 


ae] MB 


peut’ Ne=Ns3. 
1—Bsy JkT 


Nu=N; exp-| 


Since 


NitN2t+N3t+MitNs+Ne=N (38) 


we find for N;, the value 


N : 





N;= L . 
2[1+cosh[ (8:Ps)/(1—Bry) Ju/kT +cosh[ (E,+82P,y)/(1—B2v) Ju/kT J 
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Inserting the value of N3, N4, and WN; in the expression for the polarization along the Y axis, we have 


Nz sinh[(£,+62P,)/(1— 


2 kT 
Boy) ]u/ (40) 





P,= (Ns—Na)p= 
[1+cosh[ (6:Ps)/(1— 


~ Bry) Ju/kT +cosh[(E,+62P,)/(1—Bey) Ju/kT] 


To determine the dielectric constant along Y for small fields, we can replace 


; F bes ae = y+BoPy 
sin 
1—Boy 


E,y+62Py eg 
cosh (——"*)-+ 1. 
1—Boy kT 


_ CNet kT IE, +B2Py)/(1—Bey)] CNw?/kT (Ey +82Py)/(1 — Bey) ] 





2+cosh[ (6:Ps)/(1 Bo) W/kT 


Nu*pi 
[1+8:( 
kT 


kT 


( Nv’Bi\ 1 
1—Biy 


2+cosh(A Ps/Nu) 


=) 


(43) 


Solving for the ratio of P, to E,, multiplying by 42, and adding & the dielectric constant due to other 
sources than the dipole moment, the dielectric constant along y becomes 


kT[4aNu?/(1—B27) ] 


(44) 





€y = €0 


2+cosh(A Ps/Nu) —[Nu?Bo/(1—Bey)kT] 


Now, since the crystal becomes tetragonal due to the distortion caused by the electrostrictive effect, 
may increase along the a axis and cause ¢ to become larger. As before, however, we assume all 


variation to occur in $2 and write 
1 
1 — Boy 


B2(€o— 1) 
Ar 


(45) 


Inserting this value in Eq. (44) for the dielectric constant 





4x Af 1+ (62/4) au) 
Br L1+ (61/4) (eo—1) 





APs 
2+cosh 


At the Curie temperature where the crystal 
changes from tetragonal form to cubic form the 
value of 8: must be equal to 8; and hence the 
dielectric constant along the Y axis will have a 
Curie temperature at the.same temperature as 
the one along the Z axis. For other temperatures, 
Be will not, in general, equal 6; on account of the 
shift in charge due to the electrostrictive effect. 
One might expect, however, that the shift in 
charge might to a first approximation produce 


— 





of 1+(82/4x)(ep—1)7, 
af + (B2/41) ( 4 


BiL1+ (61/42) (¢o— 1) 





additive effects and that, in general 
262+6i= 38, 


where 6 is the Lorentz factor for the cubic 
crystal. The factor of 2 is used for 82 since the 
charge along the X and Y axis is only half that 
along the Z axis. 

According to Eq. (46) the very high dielectric 
constants along Y shown on Fig. 5 have to be 
accounted for by the near vanishing of the de- 


(47) 
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nominator of Eq. (46). The values of 82 to make 
the denominator vanish, with the experimentally 
determined values of 8; are shown by the dashed 
line of Fig. 11. These values would agree with the 
above speculation if the average value of 6 fell off 
with temperature according to the dot-dash line. 
Another verification of the near vanishing of the 
numerator is the very low value of the relaxation 
frequency for the dielectric constant along the Y 
axis, shown by Fig. 6. As shown by the next 
section, this can be accounted for by the same 
potential barrier for both Y and Z directions, 
provided that the denominator of Eq. (27) for the 
dielectric constant along the c=Z axis is about 
100 times as large as that of Eq. (46) for the Y 
axis. 


IV. RELAXATION FREQUENCIES FOR THE 
DIELECTRIC CONSTANTS 


To determine the high frequency behavior of 
the dielectric constants that is predicted by the 
model of Fig. 7, one can no longer use the 
Boltzmann equilibrium relation of Eq. (5) to de- 
termine the relative number of titanium nuclei in 
the various potential wells. Instead, one has to 
relate the time rate of change of the number in a 
given potential well to the probability of transi- 
tion for a given time from one potential well to 
another. a,2 the probability of a nucleus in well 1 
jumping to well 2 per unit time is, according to 
Eyring’s reaction rate theory, 


a,2= (RT /h)e~4U/*t (48) 


where h is Planck’s constant, & Boltzmann’s con- 
stant, and AU the difference between the maxi- 
mum height of the potential barrier and the 
potential of well 1. 

The time rate of change of the number J; of 
nuclei in wells of type 1 is obviously 


dN, 
Say — Ny (a1, 2+ a1, s+, 4 +a, 5+a1, 6) 
+ Noa, 1+N3a3,1+Neas1 
+Nsa5,i1+Neae:. (49) 
Similarly, ' 
dN, 
i — No(a2, 1 +2, s+a2, +2, 5 +2, 6) 


+ Nya, ot N3as, ot+ Nias, 2 


+Nsa5,2+Neae2. (50) 
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Hence, the rate of change of the polarization 
along the Z axis is 


dP, d(Ni—Ne)p 
Para 
= — N, (2a, 2+, st+a1,4+ar,5+ar,6)u 





+ No(2ae, 1+ a2, st+a2, «+2, 5+a2, 6)u 


a4, 2) 


+ N3u(as3,1—a3,2) +Nau(asi— 


+N5u(as,1—as,2) + Neulas 1 (51) 


— a6, 2) ° 
When a field is applied along the Z axis, the po- 
tential minimum U, is lowered, and U2 raised by 
amounts shown by Eq. (12). Hence, 





kT (E.+61P:) 7 
on, = —- exp—| 4U4+-———_———5 / er: 
; L i-By J 
(S52) 
kT 1 (E.+81P:) b 
Qe 1=-— exp— / rr. 
U L 1—Biy 1 








By the discussion of Section II, it appears that 
the highest potential barrier in going from 1 to 
the 3, 4, 5 or 6 potential wells is also nearly AU. 


Hence, 
(53) 


(54) 


1,2 = 1, 3 = 1, 4 1, 5 = 1, - 


Also, 


Qe, 1 = Ae, 3 = Ao, 4 = Ae, 56 = A2, 6- 


In going from potential wells 3, 4, 5 or 6 to any 
of the other wells, the highest potential barrier is 
AU, since these minima are not changed by a 
field along Z and hence 


= 5, n = 6, n= ——¢e fuieF 


h 


(55) 


3,n = Aan 


where x has all values from 1 to 6 except the one 
which makes the second index equal to the first. 

Therefore, introducing these values in Eq. (51), 
the time rate of change of polarization along the 
Z axis becomes, for a simple harmonic field, 


P, E.+6iP, 
evi Gy N, exo (——— “) = 
1—Biy kT 


kT 
E,+6,P, 
se) 


1—iy 


jwh 





—N; exo| - 
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If w is zero, this reduces to the Boltzmann condi- this becomes 

tion for determining the ratio of N2/N:. - shP hulk? 
Since we are dealing only with infinitesimal a © 

fields, the sum of Nz and Ni can be taken equalto 6kT cosh{(E,+6,P.)/(1—817) ]u/kT 


their equilibrium values given by Eq. (16). Since . sik 
Eq. (56) can be written in the form -(~ sinh[ (E.+B1P.)/(1—B1y) u/kT —pP | 
2+cosh[ (EZ.+8,P.)/(1—Byy) Ju/kT 








(58) 


Introducing the relations of Eqs. (24) and (25) 
and solving for the time variable parts of the 
E.+6,P. polarization, Po, noting that 
se oP, 
1—Bry 7 kT = jwPreit, 
ot 


johP 
kT 


2 a 
eAUlkT 


= 64 (i+ ¥) sinh( 


E,+B.P. . , ’ . 
—(Ni—Ne) cosh (——)-] (57) we find for the dielectric constant as a function of 
1—Byy / kT frequency, the equation 








4rA (- cosh(A Ps/Nu) =) 
B, \ 2+cosh(A Ps/Nu) 
—*) (- a 4 —— 
il “_pAU/kT 
2+cosh(A Ps/Nu) cosh(A Ps/Nu) 





€e=e€o + 








(2+cosh 
6kT 


When the last term in the denominator equals the sum of the other two, the dipole dielectric constant 
has equal resistance and reactance values and the corresponding frequency is the relaxation frequency. 
This frequency fo is given by 


kT e-A0/kTr “(1 ee) 


fo= cosh 
a Le (2+cosh(APs/Nu))? 











(60) 


For 27°C = 300°K, we found A =3.090; Ps/Nu=0.53. Introducing these values and the values 


k=1.38X10-*; T=300; h=6.56, 10-*’, (61) 

we find for fo, the value 
fo=1.6 X10'e-4U/k7, (62) 
From the data of Eqs. (2) and (3), the relaxation frequency of a ceramic (which probably coincides 
with that for the c axis direction) is 6.210 cycles. From this one obtains a value for the potential 


maximum? of 
eAUlkT = 260; AU=3.35 kilocalories per mole. (63) 


This value represents the amount of energy to remove the titanium nucleus from its equilibrium posi- 
tion to a position in the center of the barium titanate unit cell. 

The data of Fig. 6 show that the dielectric constant along the a axis is relaxed at a frequency of 
about 15 megacycles at room temperature. Applying the same process to calculating the dielectric 
constant along the a axis, one finds 





4nApi + (82/42) (€o— =| 
Br L1+(6:/4m) (eo—1) 





€y=eo+ 
eAUIkT 


6kT 





2-+cosh—— ——— 
Nu 


APs =|; + (82/47) (€o.— |+ (- a) 


1+ (81/41) (€o—1) cosh(A Ps/Nu) 











FERROELECTRIC EFFECT [IN BARIUM TITANATE 1633 
To obtain a dielectric constant of 150,000 at 27°C = 300°K, the real part of the denominator has to be 
0.0028. Hence, the indicated relaxation frequency for this temperature is 
APs (es) APs 
- cosh—— 
Nu Br \1+(61/4)(eo—1) Nu 
fo=—e AUR? ; 
2xh [2+cosh(APs/Nu) ] 





[2 +cosh 





Introducing the numerical values, 

eAUlkT = 645 or AU=3.9 kilocalories. 
Thus the indicated activation energy for going from the 1, 2 wells to the 3, 4, 5 or 6 wells is only 
slightly higher than that between opposite wells such as 1 and 2. This calculation also checks the facts 
that it is the near vanishing of the denominator of Eq. (64) that causes the very high dielectric con- 
stant along the a or X = Y axes. 


V. COERCIVE FIELDS ALONG a AND c AXES 


The coercive fields along the a and ¢ crystallographic axes and the interaction between a field along 
c and a polarization generated along a can be calculated from Eqs. (36) and (40), giving the polariza- 
tions along the c=Z direction and the a= Y direction. In terms of complete fields and polarizations 
along the two directions these equations become 


Nu sinh[(Z.+6,P,)/(1 —B1y) Ju/kT 











P. an g ’ (66) 
1+cosh[(E,+81P,)/(1—Biy) Ju/kT +cosh[(Ey+82Py)/(1—Bey) Ju/kT 

me Nu sinh[ (Ey-+82P,)/(1 Bey) u/kT a 
| " 1+cosh[(E,+8:P.)/(1—Bry) Ju/kT +cosh[ (Ey+82P,)/(1— Bev) Ju/kT 

From these two equations and the constants The calculations show that it takes considerably 


evaluated previously, the coercive fields for the more of a negative field along Z to reverse the 
two directions can be approximately calculated. sign of a domain along Z than it does to change 
0.7 
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Fic. 13. Hysteresis loop showing relation between polar- 
ization along Z and field along Z for a single domain barium 
titanate crystal. 


the direction from Z to Y. To show this, let us 
assume that no field or polarization exist along Y. 
Then Eq. (66) can be written in the form 


P, - sinh[(AEz/BNu)+(APz/Nu) ] 
Nu 2+cosh[{(AE,/BNu)+(AP,/Nu)] 


Now, since AEz/BNu is going to be a very small 
quantity for any field that can be applied, this 
can be written as 


sinh(A P,/Nu) 
2+cosh(A P,/Nu) 
| oe E, 2 cosh(AP,/Nu)+1 
=—— | (69) 
Nu BNul(2+cosh(AP,/Nu))? 


(68) 











If the applied field E, is zero, this equation re- 
duces to that for the spontaneous polarization. 

If we plot the left hand side of Eq. (69) as a 
function of P,/Nu (assuming A =3.090 for room 
temaperature) the curve of Fig. 12 results. The 
left hand side is larger than the right, up to a 
value of P,/Nu=0.534 when the two are equal, 
and this represents the theoretical: value of 
spontaneous polarization for no applied field. If 
the applied field is positive, a larger ratio of 
P./Nu is required to satisfy Eq. (69). Since at 
room temperature, A = 3.090; Nu=67,100 e.s.u. ; 
B=0.096; cosh(AP,/Nu) =2.68, the coefficient 
multiplying E, is 1.24104. It takes, then, a 
very high field to increase sensibly P,/Nu. For 
example, a field of 30,000 volts per cm = 100 e.s.u., 


will cause the polarization to increase from 35,600 
stat coulombs/cm? to 41,500 stat coulombs, an 
increase of 16 percent. This agrees quite well 
with the increase measured by Hulm® who found 
an increase of about 13 percent for this case. 

If we put on a negative voltage along the axis 
the ratio P,/Nu will decrease steadily until the 
difference between the left hand side of Eq. (69) 
and P,/Ny reaches a maximum. This occurs for 
P./Nu=0.405, and it requires a negative field of 


E,=74 e.s.u./cm = 22,200 volts/cm. (70) 


This is the theoretical field strength to switch the 
direction of a domain along one direction of Z to 
that along the other. Single domain crystals have 
been observed to switch at around this value of 
field strength. 

A true single domain crystal, however, will 
have a hysteresis loop for a considerably smaller 
field strength than this. For such a crystal a 
typical field strength polarization curve is as 


* shown by Fig. 13. When the voltage is in the 


direction of the spontaneous polarization, the 
curve has a tail toward the right hand side that is 
considerably different from the rounded relation 
on the left hand side. This dissymmetrical type of 
curve occurs down to field strengths of the order 
of 1000 volts per centimeter and appears to result 
from the fact that on the application of a nega- 
tive field along Z, parts of the domain can be 
spontaneously polarized along Y. To see that this 
is possible one can examine the conditions for 
spontaneous polarization along Y given by Eq. 
(67). Here we set E, equal to zero and solve for 
the conditions that will give a finite value of P, in 
the presence of a field E,, and a spontaneous 
polarization P,. The onset of P, will be de- 
termined when P, approaches zero, and thus we - 
can replace the hyperbolic sinh by the argument, 
and the hyperbolic cosh by unity. Then the 
equations to solve are 


Py (B2)/(1—Bey)(u/RT) Py 


omelet ». a 
Np 2+cosh[(E.+81P.)/(1—Bry) Ju/kT 





If E,=0, this reduces to the case 


A”) _ ABs 1+[B2(eo—1)/42] 
By 1+[B1(e.—1)/4m ] . 





P,( 2+cosh 


Nu 
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The difference between the left hand side and the right hand side is the denominator of Eq. (44) for 
the dielectric constant along the Y axis. This denominator is small (about 0.0028 for room 
temperature) but is always positive, hence no spontaneous polarization can exist along Y as 
long as there is no static field — E,. 

For the addition of a static field, Eq. (71) takes the form 


AE, —)|-= 1+[B2(eo—1)/42 ] 
BiNu Nu/S By \1+[8:(eo—1)/4e]) ” 


A positive field EZ, in the same direction as P, makes the left hand side still larger than the 
right, and no possibility exists for polarization along Y. If, however, a negative field E, is 
applied, the left hand side can be made equal or less than the right hand side, and spontaneous 
polarization can exist along Y. Since AE,/8:Nyu is a small quantity, this equation can be written 
in the form 











Pj2 +cosh( (72) 














AP, AB, 1+ (82/42) (e9—1) 
|2+cosh = - | 
AE, 23 Nu Bi 1+ (81/4) (€o.—1) 73 
Bi Nu sinh(AP./Ny) = 


Since for room temperature the numerator is equal to 0.0028, the denominator to 2.53, the field E, to 
cause a domain to switch to the Y direction is 


0.0028 0.108 X67,100 
E,= x = 2.6 e.s.u./cm = 780 volts/cm, (74) 
2.53 3.090 





which is considerably less than the voltage required to shift a domain along Z. 

The question arises as to why the whole domain does not go over in the Y direction. This appears 
to be owing to the fact that when parts of the large domains change direction, they exert an E, field 
on the remainder of the domain that is still directed along Z. Then the term cosh[(EZ,+82P,)/(1—82y) ] 
X (u/kT) can no longer be replaced by unity, and the equation for the field to produce a spontaneous 
polarization along Y becomes 











| a Eyt+BePy\ bu B2 (1+ (82/42) (€o—1) 

1+ cosh teosh(—*) = a 

AE, _ m 1—Bsy kT By 11+(B1/42) (€o—1) (75) 
BiNu sinh(AP,/Nu) 





and the field E, becomes larger. There is no_ tivity along the a axis. Up to that voltage, no 
definite saturation for the effect which accounts domain shift in the Y direction has occurred. To 
for the rounded shape of the left side of the obtain the field for the shift requires that both 
hysteresis loop of Fig. 13. When a positive E, Egs. (66) and (67) shall be solved simultaneously 
voltage is applied, all the Y domains revert back for the P, and P, polarizations and this is not 
to the Z direction, which accounts for the tail- attempted here. 


i h f the right hand side of the curve of 
like = nails adie: VI. SPECIFIC HEAT ANOMALY OF BARIUM 


mae £0 TITANATE 
When a field is applied along Y, the relation 
between P, and E, is very linear and shows no The specific heat anomaly of barium titanate 


hysteresis effects up to a field strength of 300 ceramics for the 120°C transition has been meas- 
volts per centimeter, at which field the crystal ured by Harwood, Popper and Rushman,’® and 
usually breaks down because of the high conduc- 10 Nature 160, 58 (1948). 
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Blattner and Merz." The former obtain a value 
of 0.14 cal./gram whereas the latter obtain 0.2 
cal./gram. It has been shown by Mueller” that 
the specific heat anomaly is related to the spon- 
taneous polarization by the equation 


(76) 


Q=6/2P,? 


where Q is the specific heat anomaly in ergs/cc, 
B is the Lorentz factor and P, the spontaneous 


"Helv. Phys. Acta, Vol. XXI, Fasciculus Tertius et 


Quartus (1948). © 
12 Annals New York Academy of Sciences, Vol. XL 


(Art. 5), page 353. 
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polarization. Since the specific heat anomaly 
was the integrated increase from about 100°C to 
a temperature above the Curie temperature we 
have from Fig. 10, that P,=27,000 c.g.s. units 
of charge per square cm. Q, the specific heat 
anomaly, is 0.2 cal./gram=1.2 cal./cc=5 X10" 
ergs/cc. This gives a.value of 8 determined by 
the specific heat anomaly of 


B=0.138 


which agrees reasonably well with the value 
given in Eq. (32), obtained from dielectric meas- 


urements. 


(77) 
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The paper examines the remark of Kaplan in a recent 
communication that while contributions made by me to) 
the problem of active nitrogen will play a part in the ex- 
planation of the mode of excitation of the auroral after- 
glows, yet the principal reactions occuring in the same are 
not those proposed by me. (The reaction was proposed to 
explain the excitation of the familiar nitrogen afterglow, 
also called Lewis-Rayleigh glow.) It is stressed that, con- 
trary to Kaplan's view, the strengthening of the Vegard- 
Kaplan bands and of the first positive bands originating 
in v’=11 in the later stage of the auroral afterglow, does 
not really contradict the reaction proposed. These observa- 
tions merely show that factors not present in the Lewis- 
Rayleigh afterglow are operative in the auroral afterglows. 

Attention is drawn to the fact that the persistence of 


the first negative bands throughout the entire duration of 
the auroral afterglow shows that nitrogen ions in the 
N2*(A”Z) state must have long life. They thus have a 
chance of reacting with other particles (collision of the 
second kind) producing effects not observed in the Lewis- 
Rayleigh glow. The long life of the N2*(A”Z) ions further 
helps to explain the failure to obtain absorption in even 
long columns of the glowing gas (Lewis-Rayleigh glow). - 

In conclusion it is stressed that the findings of Kaplan 
that N2*(X’) ions persist in the auroral afterglow through- 
out its entire duration and also that the alternative reac- 
tions proposed by him start ‘with these ions support my 
hypothesis that active nitrogen is nitrogen ions in the 
N2*(X’) state. 





N a recent communication in this Journal,! 
J. Kaplan, while remarking that contributions 
made by me to the problem of active nitrogen 
will play a part in the explanation of the mode of 
excitation of the auroral afterglow, comments 
. that the principal reactions which occur in the 
same are not those proposed by me. Kaplan is, 
of course, careful to point out that the reaction 
proposed by me was not intended for the very 
special type of short-lived auroral afterglow 
(which may more fittingly be called Kaplan 
afterglow), but the more familiar long-lived ni- 
trogen afterglow which Kaplan has named Lewis- 
Rayleigh afterglow. Kaplan also proposes alter- 
native reactions to explain the characteristic 
features of his afterglows and, at the same time, 
says that these reactions are perhaps also im- 
portant in the Lewis-Rayleigh afterglow. The 
present note is intended to clarify certain points 
raised by Kaplan in connection with the above. 
The theory of active nitrogen as proposed by 
me consists of two parts.” The first is in regard 
to the nature of the illusive substance—active 
nitrogen. The second is in regard to the nature 
and role of the conditioned wall of the afterglow 
vessel which prevents the destruction of the 
1J. Kaplan, Phys. Rev. 73, 494 (1948). 
2S. K. Mitra, Active Nitrogen—A New Theory, Mono- 
graph published by the Indian Association for the Cultiva- 


poo Science, 210, Bowbazar Street, Calcutta, India, 


active substance. According to the first part the 
active substance is ionized nitrogen molecules in 
the N,*(X’) state. According to the second part 
the wall of the discharge vessel is so conditioned 
that only a small fraction of the electrons im- 
pinging on it attach themselves to the wall to 
form surface charge. It is recalled that in an 
ordinary discharge tube, by far the largest num- 
ber of recombinations of positive ions and elec- 
trons occur on the wall of the tube because of the 
layer of electronic surface charge formed on it. 
In the case of active nitrogen [N2*(X’) ion], the 
walls of the containing vessel being ‘‘poisoned,”’ 
the recombination proceeds in the volume by a 
slow process and the long life of active nitrogen 
is explained. (It is suggested that the condition- 
ing is due to the adsorption of a layer of nitrogen 
molecules or atoms. As Nz has very little elec- 
tron affinity, deposition of surface charge is 
prevented.) 

Starting with the above two hypotheses I have 
tried to explain most of the observed character- 
istics of active nitrogen, e.g., long life of the 
(Lewis-Rayleigh) afterglow, its peculiar spec- 
trum (caused by neutral Nz molecules—selected 
bands from the first positive group), law of decay 
of the glow, chemical activity, maximum energy 
imparted in spectral excitation, negative tem- 
perature coefficient, etc. 
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The reaction proposed by me to which Kaplan 
refers and which explains the excitation of the 
characteristic spectrum of the Lewis-Rayleigh 
afterglow is a three-body collisional process as 
follows: 


N2*(X’)+e+N2—N2(B)+Nz2(A). (I) 


Here the N2(B) molecule emits the first posi- 
tive bands by transition BA. The N2(A) mole- 
cules produced by this transition and also by 
reaction (I) are in metastable state having very 
long lives. Hence they are de-excited by glowless 
processes; otherwise they would have emitted the 
Vegard-Kaplan bands AX. 

Now a remarkable feature of the Kaplan after- 
glow is that the relative intensity distribution in 
its spectral composition changes as the glow 
decays. Certain special characteristics of the 
phenomenon to which Kaplan draws attention 
and in connection with which he has made the 
remarks referred to above are as follows: 


(1) Steady increase in the relative intensity of the 
Vegard-Kaplan bands. 

(2) Increase, at the same time, in the relative intensity 
of the first positive bands which originate in v’ = 11. 


(3) Presence of the first negative bands (with steadily 
decreasing intensity) indicating the presence of N2*(X’) 
ions throughout the entire period of the afterglow. 


In regard to (1) it is to be noted that since 
reaction (I) yields Nz molecules in the A-state, 
the production of the Vegard-Kaplan bands does 
not contradict the hypothesis. This indeed is 
recognized by Kaplan. Kaplan, however, thinks 
that the strengthening of these bands in the later 
stage of the afterglow does so. But before dis- 
cussing this point I would like to point out that 
production of forbidden lines in the laboratory is 
very exceptional, requiring many conditions to 
be fulfilled. As such, excitation of the V-K 
bands in the Kaplan afterglows is a notable 
achievement. 

Now, the production of the Vegard-Kaplan 
bands requires the following conditions to be 
fulfilled : 


i. Nez molecules must be brought to the A-state. 

ui. There must not be present in the discharge tube 
particles which may de-excite the excited molecules by 
collision. Such particles are slow electrons and atoms or 
molecules having excitation levels lower than the A-level. 

iu. Diffusion of the excited molecules to the walls should 
be small, so that de-excitation by collision with the glass 
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surface is minimized. This requires that the pressure must 
not be too low. (Alternatively, the wall surface should be 
so conditioned that the excited molecule is not de-excited 
even by collision with the same.) 


The relative increase in the intensity of the 
V-K bands, which means that the concentration 


of the N2(A) molecules is decreasing more slowly 


than that of the other excited particles (e.g., 
N.+A’ molecules), may now be understood. The 
concentrations of the different kinds of excited 
atoms and molecules are not the same at any 
instant. Excited states having short lives will 
have low concentrations, while those having long 
lives (metastable states) will have very high 
concentrations. It is therefore quite likely that 
the time required by the N2(A) molecules to 
build up their high concentrations, so that excita- 
tion and de-excitation attain a sort of quasi- 
steady state, should be comparable with the 
short span of life of the auroral afterglow. This 
explains the delayed strengthening of the V-K 
bands. 

In regard to (2) it may be noted that, accord- 
ing to the proposed reaction (I), strengthening 
of the first positive bands originating in v’=11 
is predicted; the observed spectrum of the Lewis- 
Rayleigh glow also shows the strengthening. The 
difference in the intensity distribution of these 
bands in the Lewig-Rayleigh and in the Kaplan 
afterglows is therefore not a fundamental one. 

These considerations show that phenomena 
(1) and (2) do not really contradict reaction (I). 
They merely show that extraneous causes not 
present in the Lewis-Rayleigh afterglow are at 
work in the Kaplan afterglows. Indeed, the very 
fact that the V-K bands are being excited is an 
evidence of the existence of such causes. It is 
therefore easy for me to agree with Kaplan that 
reaction (I) proposed for explaining the excita- 
tion of the Lewis-Rayleigh afterglow cannot 
fully explain all the characteristics of the Kaplan 
afterglows. The alternative reactions proposed 
by Kaplan may therefore quite possibly be the 
important ones in these afterglows. These reac- 
tions are: 

Nzt+e—-N’+N” 
N’+e-N-+te, 


where the first reaction is a dissociative one, the 
neutral nitrogen molecule produced being dis- 
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sociated into two excited metastable nitrogen 
atoms. But I join issue with Kaplan when he 
says that these reactions are perhaps also impor- 
tant in the Lewis-Rayleigh afterglow, for it is 
difficult to see how they can be more helpful than 
reaction (1) in explaining the very simple spec- 
trum of the Lewis-Rayleigh afterglow. It is also 
to be remembered that any theory of active ni- 
trogen must explain not only the excitation of 
the spectrum of the Lewis-Rayleigh afterglow, 
but also a host of other properties as already 
mentioned. 

Regarding (3), the presence of negative bands 
throughout the entire duration of afterglow, an 
important and interesting point may be raised. 
Assuming that these bands persist for at least a 
second, the question arises what is the source of 
the excited N2+(A’) molecules from which these 
bands are emitted? Are they produced in the 
afterglow after the discharge has been cut off, 
or are they produced by the discharge and 
persist afterwards? In the latter case the aver- 
age life of these excited ions should be at least 
a billion times that of ordinary excited atoms 
and molecules which is of the order of 10-° 
sec. The excited N.+(A’) ion can then be re- 
garded in a sort of metastable state. In its com- 
paratively long life it has then, besides the chance 
of coming down to the normal state by emission 
of the first negative bands, the chance of reacting 
with other particles producing spectral effects not 
observed in the Lewis-Rayleigh glow. 

This comparatively long life of the N2*(A’) 
ion, however, provides answer to a pertinent 
objection raised against the proposed theory of 
active nitrogen. It is argued that, if the active 
substances be N:zt(X’) ions, then the glowing 
gas ought to show the first negative bands by 
absorption. All attempts to obtain these bands 
by absorption (or, as a matter of fact, any ab- 
sorption) in the glowing gas have, however, 
failed. In a recent attempt a length of 13 meters 
of the glowing gas was used by Worley.* But no 
absorption was obtained, though, according 
to Worley’s estimate, absorption would have 


3 R. Edwin Worley, Phys. Rev. 73, 531 (1948). 


been detectable with a concentration of 10 
molecules/cm' only. Now, if N2+(A’) state has a 
long life, it follows that the absorption coefficient 
of normal N:2*+(X’) ion to raise it to this state 
would be extremely small. We are then justified 
in assuming that the failure of the absorption 
experiments is due to the extreme smallness of 
the absorption coefficient (Worley’s estimate of 
10!°/cm# is based on allowed transition). 

Another important point regarding the excited 
N:+(A’) ion may also be noted. These ions are 
produced by absorption in the extreme ultra- 
violet (A<661A) by the normal nitrogen mole- 
cule. The interesting thing is that the absorption 
not only ionizes the molecules but also at the 
same time raises the ion produced to an excited 
state. The absorption is extremely strong, a 
thickness of a few hundredths of a millimeter at 
the standard pressure and temperature sufficing 
to produce it.* It therefore follows from the 
principle of microscopic reversibility that the 
opposite reaction, namely, recombination of 
N;*(A’) ion with electron (slow) accompanied by 
emission of \<661A has a very high probability. 
Whether this reaction plays a part in the Kaplan 
afterglows depends on the abundance of slow 
electrons in the same. The electrons derived from 
the discharge will generally have, on account of 
the lightness of the electronic mass, a very high 
temperature (velocity) compared to the gas tem- 
perature. But this may not be so if the gas pres- 
sure is large. (For a monatomic gas the two tem- 
peratures rapidly approach each other by fre- 
quent collisions for pressures above 10 cm of 
mercury.®) : 

In conclusion I may add that so far as the first 
part of my theory is concerned, namely, that 
active nitrogen is ionized nitrogen molecule in 
the N;*(X’) state, this is supported by Kaplan’s 
finding that there is incontrovertible evidence of 
N2*(X’) ions throughout the entire duration of 
the afterglows studied by him and also that the 
alternative reactions suggested by him start with 
these ions. 


‘T. Takamine, T. Suga, and Y. Tanaka, Sci. Pap. Inst. 
Phys. Chem. Res. (Tokio) 34, 854 (1938). 

5 Handbuch der Lichttechnik, Part I (Berlin, 1938). See 
also J. D. Fast, Phillips Res. Rep. 2, 382 (1947). 
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The radiations of I'*! have been studied with a magnetic lens spectrometer and coincidence 
techniques using ‘‘Kallmann” counters. Four gamma-rays of 80, 283, 363, and 638 kev were 
detected both by their internal conversion electrons and by photoelectrons emitted from 
different converters. A beta-ray spectrum of 600-kev maximum energy constitutes about 85 
percent of the disintegrations and leads to a state of Xe"! with 363-kev excitation. In about 
6 percent of the disintegrations, the transitions from this level to the ground state take place 
by the successive emission of an 80-kev and a 283-kev gamma-ray. Fifteen percent of the 
disintegrations proceed by the emission of a 315-kev beta-spectrum followed by a 638-kev 


gamma-ray. 





INTRODUCTION 


HE nuclear radiations of I'*! were studied by 

Downing, Deutsch, and Roberts in 1942. 

The beta-ray spectrum was found to be simple, 

and each beta-ray to be followed by an 80-kev 
and a 367-kev gamma-ray in cascade. 

The development of nuclear reactors made 
possible the preparation of large quantities of [}*! 
of high specific activity. The therapeutic applica- 
tion of radioactive iodine called for careful 
dosage measurements which revealed incon- 
sistencies when the simple disintegration scheme 
was used. Absorption measurements? showed the 
presence of a 650-kev gamma-ray, the intensity 
of which is 15 percent of the 367-kev gamma-ray. 
It was therefore thought desirable to reinves- 
tigate the radiations of J}*! using the much better 
sources now available. 


THE BETA-RAY SPECTRUM 


“Carrier free’’ Nal** was deposited on a 0.04- 
mg/cm? “Formvar’’ film and covered with a 
second film of about the same thickness in order 
to prevent contamination of the spectrometer. 
The thickness of the source was less than one 
mg/cm?. The momentum distribution of the 
beta-rays from I'*! obtained with a magnetic 


* This work was supported in part by the Office of Naval 
Research and by grants to one of us (F. M.) from the 
Swiss “Arbeitsgemeinschaft fiir Stipendien der Physik und 
Mathematik” and the Th. Engelmann-foundation. 

1T. R. Downing, M. Deutsch, and A. Roberts, Phys. 
Rev. 61, 686 (1942), referred to as DDR in this paper. 

. Davisson and R. D. Evans, Bull. Am. Phys. Soc. 
23, No. 3, 45 (1948). 
** Obtained from Oak Ridge National Laboratory. 


lens spectrometer,* using a mica counter window 
of 0.5-mg/cm? thickness, is shown in Fig. 1. In 
addition to the conversion peaks resulting from 
the 80-kev and 367-kev gamma-rays already 
found by DDR, further conversion lines at 
248 kev and, very weak, at about 603 kev, give 
evidence of the existence of two more gamma- 
rays of 283 kev and 638 kev, respectively. The 
Fermi plot (Fig. 2) of the spectrum looks very 
similar to the one given by DDR where at 
250 kev a faint peak is visible, but was, together 
with the deviation from the straight line, as- 
cribed to experimental uncertainty. Assuming 
the Fermi plot of a simple spectrum to be a 
straight line, one can split the actual spectrum 
into two groups, the maximum energies of which 
are 315+20 kev and 600+5 kev. An experimental 
justification of this procedure will be given in 
connection with the beta-gamma-coincidences. 

Integration of the two partial spectra leads to 
an intensity ratio of I315: I6o0=1:6. 


THE GAMMA-RAY SPECTRUM 


Figure 3 shows the spectrum of secondary 
electrons ejected by the gamma-rays of ["*! from 
a uranium converter of 25-mg/cm? thickness. 
The source was contained in an aluminum capsule 
thick enough to stop all beta-rays. The gamma- 
ray energies corresponding to the different 
photoelectron peaks are 28343, 36343, and 
638+5 kev. The relative abundances of these 
gamma-rays can be calculated from the heights 


3M. Deutsch, L. G. Elliott, and R. D. Evans, Rev. Sci. 
Inst. 15, 178 (1944). 
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of the photoelectron lines if the effect of finite 
converter thickness and the variation of the 
photoelectric cross section with energy are taken 
into account. Using the formula given by 
Deutsch, Elliott, and Evans* and combining the 
results obtained with different converters (Sn, 
Au, Pb, U), we found for the relative abundance 
of the gamma-rays: Iog3: I 365: [63g = 8: 100: 20. The 
measurements with the uranium converter gave 
no evidence of the existence of the 80-kev 
gamma-ray. In order to get information con- 
cerning the intensity of this low energy gamma- 
ray, we performed some experiments with a tin 
- converter of 10-mg/cm? thickness and could 
detect a weak K-photo-line caused by the 80-kev 
gamma-ray. The comparison with the other 
photoelectric lines showed that the 80-kev 
gamma-ray is about forty times less intense than 
the 363-kev gamma-ray. We should like to point 
out that for the 80-kev line the correction result- 
ing from the absorption. of the photoelectrons in 
the converter becomes very large and the esti- 
mate of the intensity, therefore, rather uncertain. 
In spite of this, the absence of an appreciable 
photoelectron line for the 80-kev gamma-ray, 
combined with our knowledge of the number of 
conversion electrons, enables us to exclude the 
disintegration scheme hitherto used. If the two 
gamma-rays of 80 and 363 kev were in cascade, 
the low intensity of the photoelectric line caused 
by the 80-kev gamma-ray could only be explained 


by assuming that more than 90 percent of the. 


80-kev transitions are internally converted. The 
numbers of internal conversion electrons of the 
two lines, however, are the same within a factor 
of two and, as we shall see later on, the con- 
version cofficient of the 363-kev gamma-ray is 
less than 2 percent. The conversion of the 80-kev 
transition could, therefore, not be higher than 4 
percent, which is in strong disagreement with the 
90 percent deduced above. We therefore conclude 
that the 80-kev gamma-ray is either not in cas- 
cade with the 363-kev ray or that there are other 
gamma-rays competing with the 80-kev line. The 
latter possibility, however, is excluded by the fact 
that the sum of the intensities of the 80-, 283-, 
and 638-kev gamma-rays is decidedly smaller 
than the intensity of the 363-kev gamma-ray 
alone. The 363-kev gamma-ray, therefore, leads 
to the ground state of the product nucleus Xe"! 
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Fic. 1. The beta-ray spectrum of I. Arrows mark 
internal conversion lines. 


and is connected with the main beta-spectrum 
(Emax =600 kev). Moreover, it follows that the 
beta-ray spectrum has to be complex. 

In order to determine the correlation of the 
other lines, we performed the following beta- 
gamma- and beta-electron coincidence measure- 
ments: 


BETA-GAMMA-COINCIDENCES 


DDR showed that, within the uncertainty of 
their experiments, the number of beta-gamma- 
coincidences per beta-ray is independent of the 
thickness of the absorber inserted between 
source and beta-ray counter. Their measure- 
ments, however, do not exclude the possibility of 
the spectrum being complex because .the effi- 
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Fic. 2. Fermi plot of the beta-rav spectrum of I", 
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Fic. 3. Secondary electron spectrum caused by 
the gamma-rays of I'#!, 


ciency of platinum screen cathode gamma-ray 
counters varies only slightly between 350- and 
650-kev gamma-ray energy‘ and, therefore, the 
probability of causing a coincidence is about the 
same for all beta-rays. On the basis of our disin- 
tegration scheme (Fig. 6), we would expect a 
change of less than 4 percent in the coincidence 
rate per beta-ray if the entire soft beta-spectrum 
is absorbed. Such a small variation is compatible 
with the experimental evidence of DDR. Similar 
considerations can be applied to the other coin- 
cidence experiment of DDR (reference 1, Fig. 5). 
Both earlier coincidence measurements are, 
therefore, reconcilable with the existence of a low 
energy beta-ray spectrum of the abundance 
given by our analysis of the Fermi plot (Fig. 2). 

In order to give positive evidence of the reality 
of the second beta-ray spectrum and of its con- 
nection with the 638-kev gamma-ray, the 
number of beta-gamma-coincidences between 
beta-rays, focused in the spectrometer, and 
gamma-rays, detected by a ‘‘Kallmann” counter,5 
was measured for different beta-ray energies with 
and without 4 grams per cm? of lead in front of 
the gamma-ray counter. 

The ‘‘Kallmann”’ counter consisted of a reason- 
ably clear piece of naphthalene of about 1X1.5 
X3 cm’ attached to a RCA 931-A photo-multi- 
plier tube which was cooled with dry ice and 
operated at about 70 volts per stage. The pulses 

* Roberts, Elliott, Downing, Peacock, and Deutsch, 


Phys. Rev. 64, 268 (1943). 
5 See, e.g., M. Deutsch, Nucleonics 2, No. 3, 58 (1948). 
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were amplified by a Los Alamos Model 501 am- 
plifier (0.1-usec. rise time) and fed into a coin- 
cidence circuit with a 0.1-ysec. gate for the G-M 
tube pulses and a 0.3-yusec. gate for the photo- 
multiplier pulses. 

At first the magnetic field of the spectrometer 
interfered with the proper operation of the 
multiplier tube, the counting rate being strongly 
dependent on the coil current of the spectrometer. 
Since the magnetic field of a thin lens spec- 
trometer falls off quite fast along the axis, it was 
not difficult, at least for the energy range used, 
to provide sufficient shielding for the multiplier 
tube by using an iron—instead of a brass—end 
plate for the spectrometer. For the same reason, 
the calibration of the spectrometer was only 
slightly altered by this change. Throughout all 
the work described here, the spectrometer was 
used with a focal length of 12.5 cm. 

In Fig. 4 the two beta-ray spectra are shown; 
some typical settings of the spectrometer for the 
beta-gamma coincidence measurements are indi- 
cated by vertical lines. In positions II and III 
the hard component alone contributes to the 
beta-gamma-coincidences, whereas in position | 
the soft spectrum participates appreciably.. 
Figure 5 summarizes the results of these experi- 
ments. For ,beta-energies above 300 kev, the 
attenuation of the beta-gamma-coincidences 
corresponds to the one which is to be expected 
for a mixture of a 363- and a much less abundant 


.283-kev gamma-ray. For low beta-energies the 


attenuation of the coincidences is less strong than 
the one measured for the total gamma-ray beam, 
which demonstrates that part of these electrons 
are connected with a high energy gamma-ray 
(638 kev). The shape of the curve is consistent 
with an upper limit of about 300 kev for the low 
energy spectrum. 


BETA-ELECTRON COINCIDENCES 


For the purpose of determining the internal 
conversion coefficient of the 363-kev gamma-ray, 
DDR had measured coincidences between beta- 
rays and conversion electrons focused in the 
spectrometer. In addition to the conversion line 
of the 363-kev gamma-ray, a second peak at 
about 250 kev appeared, which can now be 
identified as the conversion line of the 283-kev 
gamma-ray. 





DISINTEGRATION SCHEME OF I?3! 


We performed an experiment similar to the 
experiment of DDR just described, but put 40 
mg/cm? of aluminum absorber between the 
source and the beta-ray counter, cutting out in 
this way almost the entire soft spectrum. We 
therefore expect to get beta-electron coincidences 
only for the gamma-lines accompanying the hard 
component of the beta-ray spectrum. Focusing 
the conversion electrons of the 80-, 283-, and 
363-kev gamma-rays, we found that, within the 
experimental error which is about 15 percent for 
the 80- and 363- and 30 percent for the 283-kev 
gamma-ray, the number of coincidences per con- 
version electron is the same for all these three 
gamma-rays. The 80- and 283-kev gamma-rays 
are, therefore, connected with the beta-spectrum 
in the same way as the 363-kev gamma-ray; 
that is, they accompany the high energy beta- 
component. The 363-kev gamma-ray leads, as 
was already pointed out, to the ground state of 
Xe!4!_ The energies of the two soft gamma-rays 
add up to 363 kev, and their intensities are com- 
parable. Furthermore, DDR showed that most 
of the gamma-gamma-coincidences are absorbed 
with the charaeteristics of an 80-kev gamma-ray. 
All these facts make it practically certain that 
the 80-kev and the 283-kev gamma-rays are in 
cascade. With this assignment, the coincidence 
measurements of DDR no longer lead to a much 
too low efficiency for a platinum screen cathode 
counter for 80-kev gamma-rays, but fit well with 
newer measurements of counter efficiencies.® 
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Fic. 4. The two components of the beta-ray spectrum of 
I'3! as derived from the analysis of the Fermi plot (Fig. 2). 
The vertical lines mark typical settings of the ciaamaneenel 
for the beta-gamma-coincidence experiments. 


6H. Maier-Leibnitz, Zeits. f. Naturforschung I, 243 
(1946). 
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TABLE I. Gamma-rays of ['*!, 








Conversion 
coefficient 
Ne/Ny 


Intensity 
rays/100 


Energy 
disintegration 


in kev 





0.8 +0.5 

0.05 +0.02 

0.019+0.005 
<0.005 


80+1 6 
28343 6 
36343 
638+5 15 








Using the new scheme and the coincidence data 
of DDR, one finds that the efficiency of a plati- 
num screen cathode counter for 80-kev gamma- 
rays is about the same or even higher than the 
one for the 280—650-kev range. The reason for 
this high efficiency lies in the fact that together 
with the extremely soft photoelectrons which 
would not escape, a large percentage of fairly 
energetic Auger electrons are produced in the 
absorption of the 80-kev quanta. 


CONVERSION COEFFICIENTS 


Table I contains our information concerning 
the gamma-rays of I'*!, The number of conversion 
electrons was determined from the spectrometer 
data shown in Fig. 1. Owing to absorption in the 
source and in the counter window, in the case of 
the low energy line, and to the low conversion of 
the other lines, our results are rather inaccurate. 
Our value for the conversion coefficient of the 
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Fic. 5. Attenuation of the number of beta-gamma- 
coincidences caused by 4 grams per cm? of lead in front of 
the gamma-ray counter. The vertical lines correspond to 
the typical settings of the spectrometer indicated in Fig. 4. 
The horizontal lines mark the attenuation of selected 
gamma-rays. These attenuations were calculated by using 
the absorption coefficients given by Glendenin (L. E. Glen- 
denin, Nucleonics 2, No. 1, 12 (1948)), and an effective ab- 
sorber thickness was calculated matching the attenuation 


of the totabeam. 
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Fic. 6. Disintegration scheme of I!#!. 


363-kev gamma-ray is considerably higher than 
the value determined by DDR in a more direct 
way. | 

The experimental uncertainty and the lack of 
accurate calculations of internal conversion coef- 
ficients for medium atomic numbers make the 
determination of multipole orders rather am- 
biguous. The data collected in Table I are com- 
patible with the assumption that all gamma-rays 
arise from electric quadrupole transitions, the 
80-kev line having an appreciable admixture of 
magnetic dipole radiation. Multipole radiation of 
higher order is definitely excluded for the 80-kev 
gamma-ray from lifetime considerations. Elec- 
tric dipole transition is unlikely for the 283- and 
363-kev gamma-rays because of the appreciable 
conversion coefficients and the relatively low 
Nx/N_z ratio. 


THE DISINTEGRATION SCHEME OF I?! 


Figure 6 shows the disintegration scheme of 
I! which we propose, based on our present 
knowledge. We cannot exclude the existence of 
further gamma-rays with energies coinciding 
within a few percent with the known lines and 
which may be partly connected with a very soft 
beta-spectrum. A measurement with a spec- 
trometer of high resolving power is therefore 
desirable, especially as we have some indication 
of a line of about one percent abundance falling 
in the low energy tail of the 283-kev line and 
agreeing in energy with the difference of the two 
upper levels of Xe! involved in our scheme 
(dotted line in scheme). On the other hand, in the 
entire range from 80 kev to 1 Mev, every gamma- 
ray not coincident with the lines already known 
would be of less than 3 percent abundance. 

The order of the emission of the 80- and 283- 
kev gamma-rays is not definitely known. The one 
proposed in this scheme is easier to bring into 
agreement with lifetime considerations and spin 
assignments. If the 80-kev line corresponds to an 
electric quadrupole transition, the lifetime 
according to the Segré formula’ is 6.10-® sec., 
according to Lowen’s® calculations, 4.10-° sec. ; 
it, therefore, falls within the range which can be 
explored by fast coincidence techniques using 
multiplier tubes. 

The f-t-values of the two beta-spectra in the 
notation of Konopinsky® are nearly the same and 
fit very well into the range ascribed in this region 
of Z to first forbidden spectra. 


7™See A. C. Helmholz, Phys. Rev. 60, 415 (1941). 
81. S. Lowen, Phys. Rev. 59, 835 (1941). 
®E. J. Konopinsky, Rev. Mod. Phys. 15, 209 (1943). 
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Coincidences between the neutrons from neutron-induced fission of U*** were measured using 
fast neutron counters, working on the principle of proton recoil. From measurements at angles 
of 30°, 60°, 90°, 135°, and 180° between the directions of the fission neutrons, it was found that 
the number of coincidences is fairly constant from 30° to 90°, and increases by about a factor 2 
from 90° to 180°. This result can be explained if it is assumed that the fission neutrons most 


probably come from opposite fragments. 





T is known that the phenomenon of fission is 
accompanied by the emission of neutrons, and 
from the existence. of self-sustaining chain reac- 
tions it can be inferred that more than one 
neutron is emitted, on the average, during each 
fission process. On the other hand, it has been 
shown! that there exists an angular correlation 
between the direction of the neutrons and the 
direction of the fragments, the neutrons being 
preferentially emitted in the same direction as the 
fragments. These facts lead one to believe that 
coincidences between neutrons from a fission 
source should be detectable, and that a measure- 
ment of the angular distribution between neutron- 
neutron coincidences could yield information 
pertinent to the mechanism of emission of fission 
neutrons. The experiments described in this paper 
were performed to measure this angular distribu- 
tion of neutron-neutron coincidences from a 
source of U** irradiated with neutrons. 


INSTRUMENTATION 


The fission source consisted of a U**> radiator 
bombarded by a beam of neutrons emerging from 
a hole in the concrete shield of the Oak Ridge pile. 
The fast neutrons from the source were detected 
by two proportional counters mounted in a plane, 
perpendicular to the beam in such a way that 
their angular separation could be conveniently 
changed by rotating one of the counters around 
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the axis defined by the beam itself. After ampli- 
fication the pulses from the two counters were fed 
to a coincidence circuit. 

A view of the experimental arrangement is 
shown in Fig. 1. The beam from the pile, con- 
taining slow and fast neutrons and y-rays, could 
be intercepted by a heavy shutter, sliding along 
the pile wall, for the protection of the experi- 
menters working on the equipment. When 
allowed to emerge from the pile, the beam was 
collected in an appropriate catcher. The location, 
as well as the collimation of the beam, was de- 
termined by exposing photographic plates. 

The U*> sample was situated in a thin brass 
ring (visible in Fig. 1 between the counters) at 
the center of the beam, which, at that position, 
has a diameter of ~5 cm. 

The counters are proportional counters filled 
with a mixture of A and CO, at about 2 atmos- 
pheres of pressure. They work on the principle of 
proton recoil, the hydrogeneous material being 
present in the form of 20 polythene films (5 
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TABLE I. 








55 counts/min. 


Beam shutter closed 
420 counts/min. 


Beam shutter opened, no radiator 

Beam shutter opened, Pb scatterer in 
place of radiator 

Beam shutter opened, Cd covered Pb 
scatterer 

Beam shutter opened, U** radiator 


529 counts/min. 


558 counts/min. 
26130 counts/min. 








mg/cm? thick) perpendicular to the wire and 
spaced at a distance of 3%’’. Because of the high 
pressure, the recoil protons produce a large num- 
ber of ions in the space between two successive 
films and, in general, give pulses larger than those 
from secondary electrons of y-radiations. With 
proper setting of amplification and pulse height 
‘discrimination, the efficiency of these counters was 
found to be of the order of 1 percent for the fast 
neutrons from a PoBe source, while the efficiency 
for y-rays is much smaller. The efficiency obvi- 
ously depends on the energy of the neutrons; 
however, the thickness of the polythene films was 
chosen in such a way as to minimize the variation 
of efficiency for neutrons of energy above 1 Mev. 

The amplifiers used are of the type described 
by Jordan and Bell.? The pulse height selectors of 
these amplifiers had been replaced by a circuit 
designed to minimize the variable delays resulting 
from the different size of the pulses accepted. 
After pulse height selection the pulses were fed to 
a coincidence circuit* whose resolving time could 
be varied from ~10~-7 to ~10~ sec. 


DESCRIPTION OF MEASUREMENTS AND RESULTS 


A typical set of single counting rates obtained 
with the counters located as shown in Fig. 1 is 
given in the following Table I. 

These data show that the greatest part of the 
counts recorded with the U*** radiator were due 
to the fast neutrons which originated in this 
source, and that the background resulting from 
uncollimated or scattered fast neutrons from the 
beam, and to y-rays, could be neglected. The fact 
that very few y-rays from the U**> sample were 
counted was verified by the dependence of the 
counting rate on pulse height selector setting. 

Because of the low efficiency of the counters 


(1949) H. Jordan and P. R. Bell, Rev. Sci. Inst. 18, 703 
*P. R. Bell, S. DeBenedetti, and J. E. Francis, Jr., 
Phys. Rev. 72, 160 (1947). 
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TABLE II. U®* radiator—observed angular 
distribution of n—n coincidences. 








180° 
2.40 


0.09 


135° 
1.83 


0.11 


Angular separation 30° 60° 90° 

Counts per minute 2.39 1.33 1.22 

Probable statistical a 
0. 


error 0.11 


0.12 








and the small solid angle that they covered, the 
expected number of coincidences was about 2 
per minute. It was of the utmost importance, 
therefore, to reduce the random coincidences to a 
minimum. 

For this purpose a preliminary experiment was 
performed to establish the minimum value of 
resolving time which could be used without losing 
the true neutron-neutron coincidences. 

In order to measure the resolving time two U”*5 
samples were placed in the neutron beam, at a 
distance of about one meter; each one of the two 
counters was located close to one of these samples, 
so that they would record the fast neutrons from 
two independent fission sources. From a measure- 
ment of random coincidences in these conditions, 
the resolving time was obtained for different 
values of the circuit time-constants. For these 
same values, the true coincidences were measured 
(after subtracting the random rate) with the 
counters at an angular separation of 180°, as in 
Fig. 1. In Fig. 2 the’number of true coincidences 
is plotted as a function of resolving time. 

This preliminary experiment showed that one 
could not take full advantage of the speed of the 
electronic circuit since a considerable fraction of 
true coincidences were lost at resolving times 
smaller than 0.3 usec. (probably as a consequence 
of variable lag times in the proportional counters). 
Since it was not practical to reduce the intensity 
of the source, nor to increase the solid angle 
covered by the counters, the measurement had to 
be performed with a random coincidence back- 
ground considerably larger than the effect to be 
studied. This situation required long runs to 
collect statistically significant results, with nu- 
merous precautions to avoid errors caused by 
variations in the performance of the instrument 
or in the power level of the pile. 

All the measurements were performed with the 
pile at constant nominal power level, and in the 
last part of the experiment the flux of the beam 
was monitored at least once every day by means 











of In foils. It was found to be constant within a 
few percent. 

After a first measurement of the ratio of coinci- 
dences at 90° and 180°, two series of measure- 
ments were performed, one for angular separa- 
tions of 60°, 90°, 135°, and 180°, and the other for 
30°, 90°, and 180°. Each series lasted a week or 
more, and consisted of a repetition of individual 
runs, each including the whole range of observa- 
tions. A run consisted of counts of coincidences 
at different angular separation, alternated with 
counts of random coincidences (performed with 
different radiators for each counter as described 
above). A count of coincidences lasted 20 minutes 
and was preceded and followed by counts of single 
pulses in each counter. The coincidence counts 
were alternated in such a way as to minimize the 
effects of slow instrumental variations. 

Slow variations in the single counting rate, 
caused by changes in counter efficiency, were ob- 
served ; these were compensated by adjusting the 
counter voltage, and the single counting rate was 
kept close to 42064 counts/min. The single 
counting rates before and after each coincidence 
measurement were averaged, and the coinci- 
dence reading was reduced to 420X64 single 
counts/min., assuming that both true and random 
coincidence varied in proportion to the product of 
the single counting rates. This correction, how- 
ever, seldom exceeded 10 percent. 

The results of the individual runs were averaged 
and analyzed statistically to make sure that the 
deviations did not exceed the statistical errors. 
From the random coincidences recorded it was 
found that the resolving time of the instrument 
was remarkably constant over periods of months; 
also the number of true coincidences for the same 
angular separation did not show variations larger 
than the expected statistical fluctuations. The 
consistency of the data, despite the high number 
of random coincidences and the long time in- 
volved in the measurement, can be regarded as a 
check on the reliability of the final results. 

The possibility that scattering from  sur- 
rounding materials (floor, walls, etc.) could falsify 
the results was considered. For this reason meas- 
urements for the same angular separation were 
repeated at different orientations; no appreciable 
difference was observed, indicating that this 
cause of errors could be disregarded. 
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Table II shows the experimental results ob- 
tained, after subtraction of the random coinci- 
dence rate of 7.2 counts/min. 

The number of coincidences detected has a 
minimum at 90°, and apparently maxima at both 
0° and 180°. 

One can expect, however, that some of the 
coincidences at small angular separation are due 
to the same neutron which, after producing a 
recoil in the first counter, is scattered into the 
other. Thus the angular distribution of the coinci- 
dences does not necessarily correspond to the 
angular distribution of the direction of emission 
of distinct fission neutrons. In order to investi- 
gate this effect, and eventually correct the results 
for it, some measurements were performed with a 
Po—Be source of the same strength as the U5 
radiator, replacing the U**5, Since neutrons are 
emitted individually by this source, all the 
coincidences observed above the random back- 
ground are to be attributed to scattering. The 
results obtained for the same single counting rate 
as for the U** radiator are: 


Po—Be source 


Angular separation 30° 180° 
Coincidences per minute 8.24 7.02 
Probable statistical error 0.10 0.09 


It can be seen that no coincidences in excess of 
the random rate are observed at 180°, while a 
noticeable effect caused by scattering is present 
at 30°; at this angle the scattering contributes 
1.22+0.13 coincidences per minute. 

Because of the difference in energy distribution, 
the effect of scattering cannot be expected to be 
exactly the same for fission neutrons and for 
PoBe neutrons; however, it seemed admissible to 


COINC. /MIN. 
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TABLE III. U** radiator—angular distribution of n—n 
coincidences after correction for scattering. 








180° 
2.40 
0.09 


135° 
1.83 
0.11 


90° 
1.22 
0.08 


Angular separation 30° 60° 
Coincidences per 
1.17 1.33 


0.11 


minute 
Probable statistical 
error 0.17 








assume that the difference was not too large and 
to subtract the scattering effect, as measured 
from PoBe, from the angular distribution of the 
fission neutrons. 

The angular distribution of the coincidences 
between two distinct fission neutrons corrected 
for scattering is plotted in Fig. 3 and reported in 
Table III. 

The coincidence rate appears to be fairly con- 
stant from 0° to 90° and to increase by a factor 2 
from 90° to 180°. 


DISCUSSION OF RESULTS 


The experimental results obtained can be ex- 
pressed by stating that fission neutrons are prefer- 
entially emitted in opposite directions. If one 
assumes that the neutrons most likely go in the 
direction of the fragment from which they are 
emitted, it follows that fission neutrons are 
preferentially emitted by opposite fragments. A 
more quantitative reasoning (Appendix, formula 
12) shows that, since the ratio of coincidences 
recorded for angular separations of 180° and 0° is 
roughly 2, there are at least twice more neutron 
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pairs emitted by opposite fragments then neutron 
pairs emitted by the same fragment. 

The angular distribution theoretically expected 
in the assumption of isotropic emission of neu- 
trons by fragments in motion is discussed in some 
detail in the Appendix to this paper. In order to 
take full advantage of this discussion, however, 
one must make some assumptions on the spec- 
trum of fission neutrons and, therefore, a more 
detailed analysis of the experimental results must 
be postponed until some data on the fission 
neutron spectrum is generally available. 

It is appropriate at this point to mention that, 
as has been pointed out by Peierls,‘ the hypothesis 
of isotropic emission is inconsistent with some of 
the observed. facts. Though it is reasonable to 
admit that the fission neutrons are emitted by the 
fragments in motion, it seems doubtful that the 
angular correlations can be explained entirely 
with the composition of neutron and fragment 
velocities, without assuming any anisotropy in 
the emission of neutrons in the fragment’s 
system. 

In the extreme case where the anisotropy in the 
fragment’s system would be the most important 
cause of angular correlation it is obviously pos- 
sible to make assumptions which will invalidate 
our conclusion about the preferential emission of 
neutrons by opposite fragments. The preferential 
emission in opposite directions could be explained, 
for instance, supposing that neutrons are emitted 
by the same fragment, but preferentially either 








COINC. / MIN. 








0 30° aor 


‘R. Peierls, declassified British report, B-103. 











from the region of the broken ‘‘fission neck” 
(where a large amount of deformation energy 
should be available) or from the diametrically 
opposite region (where the energy could be con- 
centrated through ripple propagation). Any such 
hypothesis, however, seems so speculative, that 
the most reasonable interpretation of the experi- 
mental data still remains to suppose that, when 
more than one neutron is produced in fission, the 
different neutrons are most likely to be emitted 
by opposite fragments. 


APPENDIX 


Theory of the Experiment on the Assumption of 
Isotropic Emission in the Fragment’s System 


The outline of a theory which could eventually be used 
for the interpretation of the experimental data if the fission 
neutron spectrum was known is presented in this appendix. 
The following assumptions are made: 

(a) The neutrons are emitted (evaporated) isotropically 

from the fragments in motion. 

(b) The velocity of the fragments at the time of neutron 
emission is the same for all neutrons and is equal to 
the velocity which is obtained from the average 
fragment kinetic energy assuming fragments of 
equal mass. 

(c) The energy spectrum of the neutrons in the frag- 
ment’s system is the same for all neutrons (and does 
not depend on the number of neutrons emitted). 

If » is the energy of a neutron in the fragment’s system 

(emission energy), the energy E of the same neutron in 
the laboratory system is 


E(n, 8) =n[1 —1?+ 2r? cos?d 
+2r cosd(1—r?+r? cos*#)#], (1) 


where # is the angle (in the laboratory system) between 
the direction of the neutron and that of the fragment, and 
r is the ratio of the fragment’s velocity to the neutron 
emission velocity. ‘ 

If (ny) is the energy distribution of the neutrons in the 
fragment’s system (emission neutron spectrum), the spec- 
trum N(£) of the neutrons in the laboratory system is 
given by* 


E(1+R)2 


N(E) =const. X @(n)n~4dn, (2) 


where R is the ratio of the fragment’s velocity to the 
neutron velocity in the laboratory system. We will assume 
in what follows that ®(y) is determined from (2), by 
comparison with the experimental data on the laboratory 
fission neutron spectrum. 

The probability per unit solid angle that neutrons of 
emission energy 7 emerge at an angle # is 


fn, 9) =Z(E/)1+1(1—-(E/n) sin9y'T. (3) 


EQ-R)? 


If experiments on angular correlation are performed with 
neutron counters of known efficiency e(E), in the ideal case 
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of one fragment emitting one neutron per unit time, the 
counting rate per unit solid angle as a function of # is 


eF(9)= f~ &(n)F(0, 9)LE(n, 8) an (4) 
where, with the normalization’ condition 
J FO)do=1, (5) 


€ assumes the meaning of average counter efficiency, while 
(4) and (5) serve to define F(#). 

In this notation the angular distribution of neutron- 
fragment coincidences, as in Wilson’s experiment, is given 
by const. X [F(#) + F(180°—#) ], since there are two oppo- 
site fragments in each fission. 

One can proceed now with the calculation of the angular 
distribution of neutron-neutron coincidences, studying 
first the case of emission of one neutron pair per fission. 


Let us consider (Fig. 4) a system of polar coordinates with 
its center in the neutron source and the polar axis in the 


direction of the first counter C;. Let us measure the longi- 
tude ¢ from the plane C,OC; (C2 denoting the position of 
the second counter). A fragment emerging in the direction 
defined by the coordinates #; and ¢ will be at an angle #2 
with the second counter. Let w be the solid angle covered 
by each of the two counters and let us define for brevity 
1=Cost;, w2=Cosd,, a=cosd, where A is the angular 
separation between the counters. If both neutrons of the 
pair are emitted by the same fragment the number of 
coincidences per fission is 


C(u1, m2) = 20? F(u1) F(u2) (6) 


while, if the two neutrons are emitted by opposite frag- 
ments, we have 


c' (1, 2) = 02 F(ui) F(—u2) + F(—m1)F(us)] (7) 


coincidences per fission. 

However, we are interested in the number of coincidences 
per fission as a function of the angle \ between the two 
counters, for any arbitrary direction of the fragments. 
This will be expressed by averaging over the total solid 
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angle so that 
1 
c(a) =~ J CL, me(mi, @, 9) \duidg, 


(8) 
-_f c’[u1, wou, a, ¢) \duidy. 


c’(a) 
If ; 
F(u) =Z arPi(p) (9) 


represents the development of F(x) in series of spherical 
harmonics, using the addition theorem, one obtains 


C(a) = 2wé? > ~——P (a), 


2 
c' (a) = 2wé? J (—1) 


(10) 
tq P ila) =c(—a). 
Finally, if ; and p2 are the average numbers of neutron 
pairs, respectively, originating from the same fragment and 
from opposite fragments, the number of coincidences per 
fission becomes 


C(a) = prc(a) + poe(—a). (11) 
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This formula shows that, if F(#) (and therefore c(a)) is 
known, one can obtain the ratio p:/p2 from a measurement 
of coincidences at two different angles. 

However, even without any assumptions on the fission 
neutron spectrum and on F(#), one can obtain an upper 
or lower limit for the ratio ~:1/p2 simply considering that 
c(a) has a maximum for a=1. In effect, from (11) one 
obtains 


pi_ C(1)/C(—1) —c(—1)/c(1) 


bz 1—¢(—1)C(1)/c(1)€(—1)’ 


and, considering that both numerator and denominator are 
always positive, one has p:/p221 for C(1)/C(—1)21. Also 
from (11) one can write 


C(1)/C(—1) = (b1/p2+e(—1)/c(1))/(bie(— 1) /pae(1) +1), 


and this leads to 





2 C(1)/C(-1) for C(1)/C(—1)21. (12) 
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It is possible to consider breakdown in a cylindrical microwave cavity whose radius is large 
compared to its length as approaching the conditions of parallel plate breakdown. This assump- 
tion has been used to measure high frequency ionization coefficients. The present paper in- 
vestigates the corrections to be made when the length is increased. Numerical results are given 
for cavities whose ratios of radius to length are as low as 0.5, and the method is applicable to any 
cylindrical cavity. The breakdown data in these longer cavities are used to extend the high 
frequency ionization coefficient curves for air by a factor of ten. 


HE electrical breakdown of a gas at micro- 
wave frequencies has been discussed in two 
papers by the authors. The first! developed the 
principle of balancing the generation of electrons 
through ionization by collision against the loss of 
electrons through diffusion. The resulting break- 
down criterion appeared as the solution of a 
characteristic value problem. A new ionization 
coefficient appropriate to the high frequency con- 
ditions was introduced. It is necessary to know 
this quantity as a function of the experimental 
conditions in order to compute the electric field 


* This work has been supported in part x the Signal 
Corps, the Air Materiel Command, and the O N.R. 
(1948). A. Herlin and S. C. Brown, Phys. ‘her. 74, 291 
194 


for breakdown. Breakdown data were used to 
give experimental values of the ionization coeffi- 
cient. The second paper? illustrated a computing 
technique for solving the boundary value problem 
for breakdown between coaxial cylinders. Com- 
parison with experiment indicated that the 
breakdown theory is valid. 

The present paper develops the breakdown 
criterion for the case of the 7Mo19-mode cylin- 
drical cavity. The object of this computation is 
primarily to extend the range of the experimental 
data for the ionization coefficient beyond the 
region where the cavity height is small compared 


2M. A. Herlin and S. C. Brown, Phys. Rev. 74, 910 
(1948). 














MICROWAVE 


to its diameter. This generalization removes the 
assumption that the cavity approximates the con- 
ditions of infinite parallel plates. Moreover, a 
theory for breakdown in this cavity is valuable in 
itself, because the cavity is commonly used in 
microwave work. 


BREAKDOWN THEORY 


The differential equation and boundary condi- 
tion which lead to the breakdown field strength 
are obtained from the continuity requirement on 
the electrons. The resulting differential equation 
is 


Vy +o Ey =0, (1) 


where the electron diffusion current density po- 
tential y is given by Y= Dn, and ¢ is the high fre- 
quency ionization coefficient defined by ¢{ =»/DE’. 
The quantity 1 is the electron density function, D 
is the electronic diffusion coefficient, v is the net 
production rate of electrons per electron, and E 
is the r.m.s. value of the electric field intensity. 
The boundary condition that y be zero on the 
walls of the discharge cavity is sufficiently accu- 
rate. The ionization coefficient is a function of 
E/p and pd, where E/p expresses the energy 
gained by an electron per collision at zero fre- 
quency, and pd expresses the ratio of the collision 
frequency of the electrons to the frequency of the 
applied high frequency field. The quantity ? is 
the pressure and ) is the free-space wave-length 
of the electric field. The electric field appears 
explicitly in Eq. (1) because it varies with posi- 
tion in the cavity. On the other hand, pd is con- 
stant throughout the cavity. The electric field 
in an arbitrary cavity is given in the form 
E=Eof(x, y, z), where Ey is the maximum value 
of the electric field and f is a geometrical factor 
obtained from a solution for the field distribution 
within the cavity as an electromagnetic boundary 
value problem. The value of f is unity at the 
maximum field point. The degree of excitation of 
the cavity is expressed by Eo, and the relative 
field distribution through the cavity is inde- 
pendent of the excitation. The boundary value 
problem of finding a non-zero solution to Eq. (1), 
with the boundary condition that y be zero on the 
cavity walls, leads to a characteristic value of Eo, 
which is the breakdown field at the maximum 
field point. 


BREAKDOWN 
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Integration of Eq. (1) is simplified by the use 
of an approximation to the ionization coefficient 
which was used in the analysis of the coaxial 
cylinder.2, This approximation expresses the 
ionization coefficient as the simple analytic 
function, 


2-2 


where ¢o is the value of the ionization coefficient 
at the maximum field point. The quantity & is 
introduced for mathematical convenience in the 
following equations. It has the dimensions of 
reciprocal length, and appears multiplied into the 
radius variable below. The quantity (8 —2) is ob- 
tained as the slope of the ¢ versus E/p plot on a 
logarithmic scale at the point Eo/p. This ap- 
proximation gives accurate results because it is 
correct where the ionization is high, and is inaccu- 
rate only where the ionization is low and there- 
fore has little effect on the solution of the 
equation. 

The electric field in the TM 10-mode cylindrical 
cavity, shown in Fig. 1, is given by the expression, 


E=EoJo(2.405r/R). (3) 


It depends on the radial coordinate only, which 
allows the differential equation, Eq. (1), to sepa- 
rate. Separation results in Y=A sin(xz/L)¢(r), 
where A is a constant, L is the length of the 
cylindrical cavity, z is the axial coordinate, and ¢ 
is a function only of 7, determined from the 
differential equation 

1d/d¢ 

-—(r) + GB (79 /L)O=0. ) 

rdr\ dr 


(Ce 








Fic. 1. Cylindrical cavity, showing coordinates and 
dimensions. The electric field is given by Eq. (3) for the 
TMo.-mode of oscillation. 





M. A. HERLIN AND S. C. 














Fic. 2. Comparison of actual ionization function (solid 
curve) with its approximation (dotted curve). 


The approximation of Eq. (2) and the electric 
field of Eq. (3) substituted into Eq. (4) lead to the 


equation 


aC) 


+[R?J0°(2.405r/R) — (x?) /(L?) Jb=0. (5) 


It is difficult to find an analytic solution to this 
equation. A good approximation is to express the 
Bessel function as the first two terms of its power 
series. This approximation is also accurate where 
the ionization is high and fails only where it is 
low. Equation (5) then becomes 


a) 


+(k?(1 — (r?)/(b?)) — (w?)/(L?) ]o=0, (6) 
where 


b=0.831R/(8)} (7) 


is the radius at which the ionization goes to zero 
under the above assumptions. 

The ionization function in Eq. (6) is negative 
beyond r=), which is not physically correct. 
Accordingly, the ionization is set equal to zero 
from r=b to r=R. Equation (6) is used in the 
range 0<r<b, and in the range b<r<R the 


equation 
(1 ~)-= ee (8) 
r ré 


is applied. The ionization function employed here 
is compared with the actual ionization function 
in Fig. 2. They are identical near r=0, where the 
ionization is high. The error in the approximation 
becomes positive as r increases, and negative as it 
approaches the radius b. Beyond r=), the ioniza- 
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tion drops rapidly to zero and is approximated by 
the value zero. The boundary condition on ¢ is 
that it be zero at r=R and that its derivatives 
and value match at r=). 

Letting the ionization be zero beyond the 
radius 5 neglects the effect of attachment in this 
region, since attachment contributes a negative 
term to the net production rate of electrons. 
However, attachment is properly accounted for 
within the radius 6, where the breakdown is 
influenced most heavily. Neglecting attachment 
outside the radius 0 is the same kind of approxi- 
mation as letting the ionization function be 
represented by a poor approximation in the low 
field region, which is known to introduce very 
little error. This statement holds if the negative 
production rate in the low field region is small in 
magnitude compared to the positive production 
rate in the large field region, which must be the 
case for breakdown to occur. 

The solution of Eq. (6) is 


o=exp( -“) u((20-1)/(4o), 1, ox?), (9) 


where 


x? 
o=1 /20(1- ), 
R?L? 


x= (1—{9*)/(R?L?)) tr, 
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Fic. 3. Solution of the transcendental breakdown equa- 
tion, Eq. (11). The ordinate is the square of the ratio of 
the equivalent infinite parallel plate separation to the real 
cavity length. 
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Fic. 4. Experimental values of 
(x/EL)? as a function of E/p for 
various cavity lengths, obtained 
from breakdown field E versus 
pressure p data. The ordinate 
would be the high frequency ion- 
ization coefficient if the experi- 
ment were performed between ‘ 
infinite parallel plates. 
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and M is the confluent hypergeometric function.’ 
The second solution is omitted because it has a 
singularity at the origin. The solution of Eq. (8) is 


¢=tH) (ixr/L) —«Jo(ixr/L), (10) 


where x is a constant of integration. It is chosen 
to make ¢ equal to zero at the point r=R, and it 
is thus a function of the ratio R/L. 








3 The confluent hypergeometric function is defined as in 
E. Jahnke and F. Emde, Funktionentafeln (B. G. Teubner, 
Leipzig and Berlin, 1933), p. 275. 
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The Bessel function in Eq. (10) is an expo- 
nentially increasing function of 7, while the 
Hankel function is an exponentially decreasing 
function of r. Therefore, x is zero when R/L is 
infinity. The exponential decrease in electron 
density in the region where the ionization rate is 
very small, and assumed to be zero, is a result of 
diffusion to the end plates of the cavity. If R/L is 
not infinite, the negative exponentially increasing 
Bessel function term provides the extra decrease 
in electron density which causes it to go to zero at 
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Fic. 5. Curves of pd versus E/p 
for various cavity lengths. These 
curves are used to obtain con- 
stant pd curves of Fig. 6. 
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the finite cavity radius. Numerical computation 
of the relative magnitudes of these two terms 
shows, however, that for a wide range of the ratio 
R/L, the value of x is very small and the contri- 
bution from the Bessel function term is corre- 
spondingly negligible. Thus, for R/Z greater than 
0.5, the Bessel term may be neglected. The range 
below 0.5 may be computed if the Bessel term is 
retained. The numerical computations were per- 
formed only for R/Z>0.5, so that the results 
presented here are applicable to cavities whose 
heights are smaller than their diameters. This in- 
crease in the coverage of the range of R/L is a 
substantial gain over the coverage of the parallel 
plate treatment, for which R/L should be greater 
than 15. 

The solutions given in Eqs. (9) and (10) should 
each be written with another constant of inte- 
gration which appears as a multiplying constant. 
This constant is not written because the matching 
condition may be satisfied by making the ratio 
¢’/@ equal on both sides of the matching point 
r=b. The multiplying constant cancels in the 


ratio. The resulting equation is a transcendental 
equation for the breakdown field: 


Hy (4x) 
———- 
4H (tx) 


r 60-1 
u( ~ 3 Yo 
20-1 4o 


20 20-1 
u( ’ 1, ye) 


—1 
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-4o 





= 


xo= rb/L 
and 
yo=kb. 


Equation (11) may be solved for kd as a func- 
tion of kL. The results are most conveniently ex- 
pressed by expressing (1/kL)? as a function of 
b/L. This plot is shown in Fig. 3. Parallel plate 
breakdown requires that k=x/L, so that the 
ordinate approaches unity for large 6/L. If the 
tube is long or the slope of the ionization coefh- 
cient curve is large, b/L is small and a larger value 
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of k, and therefore electric field, is required for 
breakdown, relative to what would be required 
with a uniform field. Figure 3 may be regarded as 
expressing an equivalent parallel plate separation 
to give the same breakdown field as that of the 
actual cavity. 


APPLICATION TO EXTENDING THE IONIZATION 
COEFFICIENT CURVES 


These results may be used for computing 
breakdown fields in the 7 Mo,0-mode cylindrical 
cavity from the curves giving the ionization 
coefficient as a function of the experimental 
parameters. They are used in this paper, however, 
to extend the range of experimental values of the 
ionization coefficient from experimental break- 
down data in longer cavities than are permitted 
by the uniform field theory.! The procedure is as 
follows: The first approximation to the ionization 
coefficient curves is computed assuming a uni- 
form field. The various constant pd curves are 
drawn through the appropriate points. The slopes 
of these preliminary curves then lead, with the 
aid of Fig. 3, to correction factors which provide 
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the second approximation to the ionization coeffi- 
cient curves. The process is repeated until no 
further correction is indicated. 

Results on air in two cavities resonant at 9.6- 
cm wave-length are shown in Figs. 4 and 5. 
Breakdown fields, E volts (r.m.s.), were measured 
by increasing the magnetron power gradually 
until the transmitted power from the cavity 
dropped suddenly, indicating breakdown. The 
field was computed from the measured break- 
down power and cavity parameters. Figure 4, 
computed from experimental E versus p curves, 
shows the quantity (x/EL)? as a function of E/p 
for various cavity lengths. The diameters were all 
the same and equal to that necessary to give a 
resonant wave-length of 9.6 cm. If the field were 
uniform,. (r/EL)? would be equal to the high 
frequency ionization coefficient. However, the 
non-uniformity must be taken into account, 
especially for the long cavity whose curve appears 
at the bottom of the figure. Figure 5 shows pA 
plotted as a function of E/p. The values of E/p 
for various constant pd values may be transferred 
to Fig. 4 and the constant pd curves drawn in. 
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TABLE I. Values of the ionization coefficient ¢ for air. 
pr ©, 200, 100, 50, 20, 10, 5, 2 
E/p 
26 1.2 x10 
27 4.5 x10 
29 1.41. X10" 1.2 <10°% 
30 13° X10" 5.7 X10 
36 2.2 x10-* 2.1 1074 3.5 X10 
40 3.0 x10- 3.0 X10~ 1.5 1074 
45 3.9 10-4 3.9 10-4 2.5 10-4 5.8 1075 
50 4.8 X10 4.8 X10~4 3.6 X10- 1.0 x10 
60 6.4 X10 6.4 10-4 5.9 x10 2.5 1074 
70 7.8 X10 7.8 X10 7.8 X10 4.8 «10-4 
90 1.04 10-3 1.04 10-3 1.04 10-3 8.9 xX10-4 6.2 1075 
110 1.24 1073 1.24 1073 1.24X 1073 1.2 10-3 12 Xie 
140 1.5 x10" 1.5 -X10"* 1.5 xX1073 1:5. %<10"* 2.6 X10~ 
190 1.75X10-3) =. 11.75 10-3 )—s:11.75 107) ~—: 11.75 10-3)—s 55.5 K107* = «4.9 XK 107 
250 8.9 «1074 9.2 X10 
350 1.3 X10" 1.85 1074 
500 1.54 1073 3.6: X10" 2.7107 
700 5.9 x10 5.0 10-5 
1000 9.0 x10 9.5X 1075 
2000 3.4x107-* 9.51078 
3500 2.0 107% 
5500 4.6X 10% 








(These curves are not shown in Fig. 4 to avoid 
confusing the diagram.) The curves are then cor- 
rected as described in the previous paragraph to 
yield the final set of ionization coefficient curves 
of Fig. 6. A curve connecting the bottom set of 
points in Fig. 6 is the corrected version of the 
lowest curve of Fig. 4. The line showing the limit 
of diffusion theory is where the mean free path is 
of the order of the tube size. The data of Fig. 6 
represent a complete measurement of the ioniza- 
tion coefficient for air, and are therefore given in 
detail in Table I. 


DISCUSSION 


The constant pA curves agree with the curves 
of reference 1 with two exceptions. At low E/p, 
and high pd, the curves dropped more steeply 
than expected from the previous results. A 
possible reason is that attachment balances 
ionization at a value of E/p of the order of 30, 


and this balance is very sensitive to uncontrolled 
impurities in the air. When this value of E/p is 
exceeded slightly, the curves agree until the low 
values of pd at the high E/p end are reached. 
There the new data give curves of smaller slope 
than those shown in reference 1. The former data 
are very near the region where the diffusion 
theory fails because the mean free path is of the 
order of the cavity dimensions, and were given 
tentatively until the range could be extended. 

This paper has given a method of treating the 
effect of the non-uniform field in the TMo19-mode 
cylindrical cavity. With the high frequency ioni- 
zation coefficient known, the breakdown field can 
be computed from the theory. Experimental 
values of the breakdown field were used to extend 
the range of the ionization coefficient curves for 
air by a factor of ten. This extension of the 
breakdown theory to cylindrical cavities, which 
has been illustrated by results for air, is generally 
applicable to all gases. : 
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Converted Gamma-Radiation from Silver, Cadmium, Indium, 
Praseodynium, and Rhenium 
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By use of beta-spectrometers and absorption methods the 
half-lives and energy characteristics of radioactive isotopes 
of silver, cadmium, indium, praseodymium, and rhenium 
have been determined. The activities studied were induced 
by neutron capture in the pile. 

Silver of half-life 282 days had gamma-rays of energy 
114.2, 655, 880 kev and 1.38 Mev. Cadmium appears to 
yield several radioactivities; one of which is a positron 
emitter and converted gamma-rays of 86.3 and 336.9 Kev 
are observed. The well known 48-day activity in indium has 
a converted gamma-ray whose energy is more closely de- 


termined as 190.9 Kev. Praseodymium also displays a com- 
plex decay curve, but associated with a short half-life 
previously reported as 19.2 hours are gamma-rays of 133.7, 
328.9, 489.6, and 624 Kev, and by absorption a high energy 
gamma-ray of 2.1 Mev. Rhenium is strongly activated in 
the pile, yielding two radioactivities, of half-lives 16 hours 
and 91 hours. A converted gamma-ray of 153.6 Kev is 
found for the short-lived activities, and gamma-energies of 
122.7, 135.8, 127.5, and 640 Kev exist for the longer-lived 
activity. 





XIDES of silver, cadmium, indium, praseo- 
dymium, and rhenium were irradiated in the 
pile for periods of two months and four months. 
The irradiated samples were studied by the use of 
electrometers to determine the half-lives and ab- 
sorption coefficients and more particularly in 
semicircular-focusing, magnetic spectrometers by 
the photographic method to observe the electrons 
resulting from internal conversion. Three spec- 
trometers of the ‘“‘Alnico’”’ type, previously de- 
scribed,! were employed. These magnets were 
excited so as to provide uniform fixed fields of 
approximately 200, 300, and 400 gauss, thus 
giving a variation in resolving power at different 
energies. 

Most of these elements have been studied pre- 
viously, but with the longer bombardments now 
available certain new radioactivities are observed. 
The energies of the gamma-rays displaying in- 
ternal conversion are definitely evaluated for the 
first time. 


SILVER 


Silver exists in nature as two stable isotopes of 
mass 107 (52 percent), and 109 (48 percent). By 
neutron capture, isotopes of mass 108 and mass 
110 should be produced. The half-life of Ag 108 
has been reported? as 2.3 minutes, and Ag 110 has 


1J. M. Cork, Phys. Rev. 72, 581 (1947). 

? Amaldi, D’Agostino, Fermi, Ponticorvo, Rasetti, and 
Segré, Proc. Roy. Soc. 149, 522 (1935); M. Pool, Phys. 
Rev. 53, 116 (1938) ; M. Deutch, A. Roberts, and L. Elliott, 
Phys. Rev. 61, 389 (1942); and others. 


been reported as consisting of isomers of half-lives 
of 22 seconds and 225 days. 

In this investigation with the longer bom- 
bardment the half-life of the long-lived emitter is 
shown to be greater than previously reported, 
namely 282 days. Three internally converted 
gamma-rays were found, corresponding to ener- 
gies of 114.2, 655, and 880 kev. This calculation 
is based upon the apparent agreement of the 
K-—L lines when the difference in silver, instead 
of cadmium is used. This would indicate that the 
gamma-emission precedes the beta-radiation. In 
addition a gamma-ray of 1.38 Mev was found by 
absorptions in lead. 

The beta-spectrum has been studied in an 
electron lens spectrometer. Some electrons are 
found with energies well above 1 Mev. If these 
electrons are assumed to be due to high energy 
gamma-rays, then the remainder of the electrons 
define a Fermi plot whose upper limit is at 
0.58 Mev. 


CADMIUM 


Cadmium has 8 stable isotopes with masses 
lying between 106 and 116. Previous investiga- 
tions® have indicated that by neutron capture it 
might be possible to produce an isotope of mass 
107 (from 106, 1.4 percent) whose half-life has 
been reported from 6.7 hours to 1.4 days, or mass 

® Delsasso, Ridenour, Sherr, and White, Phys. Rev. 55, 
113 (1939); J. Cork and J. Lawson, Phys. Rev. 56, 291 


(1939); A. Helmholz, Phys. Rev. 60, 160 (1941); Isotope 
Committee,Science 103, 697 (1946). 
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TABLE I. 
Element Beta-limit Gamma-energies Probable 
At. No. Name (absorption) By absorption By conversion Half-life mass 
47 Silver 0.58 Mev 1.38 Mev 114.2, 655, 282 days 110 
880 kev 
48 Cadmium 1.20 0.61 64 hours 115 
—_ — 86.3, 336.9 ~75 days 107 or 115 
49 Indium 1.98 0.81 190.9 48 days 114 
59 Praseodymium oo ZA 133.7, 328.9, 19.2 hours 142 
489.6, 624 Others 
75 Rhenium 0.70 0.64 £4 135.8, 91 hours 186 
— — 137. 
— — 153.6 ~16 hours 188 








115 (from 114, 28 percent) reported as having iso- 
meric emitters of half-lives 2.5 days and 43 days. 

The resolution of the decay curves of the 
irradiated specimens here studied indicated half- 
lives of 75 days, and 64.0 hours. Two different 
chemical specimens were observed and found to 
agree in this respect. Longer lived emitters may 
be ultimately found to exist but four months 
after the bombardment there is no indication as 
yet of their presence. 

Internally converted gamma-rays are associ- 
ated with the 75-day activity and their energies 
are found to be 86.3 and 336.9 kev. There is no 
evidence for the existence of a gamma-ray of 
greater energy, by absorption measurements. 

An analysis of the radiation by a strong re- 
solving magnetic field showed that shortly after 
the bombardment some few positrons, some 
gamma-rays, and intense negative electrons were 
emitted. Three months after the bombardment 
the relative number of positrons to electrons had 
greatly increased. The presence of positrons indi- 
cates that the isotope 107 has been produced, 
although the reported half-life of 158 days has 
not been observed. Additional time will be neces- 
sary to affirm this. The negative electrons as- 
sociated with the 64-hour half-life appear by 
their absorption in aluminum to have an upper 
limit of 1.19 Mev. Gamma-radiation is also 
present in the freshly bombarded specimen, with 
an absorption coefficient in lead indicating an 
energy of 0.61 Mev. 


INDIUM 


Indium has been the subject of many previous 
reports. Only two stable isotopes of mass 113 (4.5 


percent) and mass 115 (95.5 percent) exist in 
nature, yet at least 12 radioactive indium emitters 
are believed to be possible. By neutron capture it 
should be possible to observe only one of the 
previously reported radioactivities, since the 
others all have a life too short or are produced by 
reactions not possible in the pile. 

The activity to be expected has been reported‘ 
as resulting from mass 114, and having a half-life 
of 48 days. It is also reported to decay by the 
emission of a gamma-ray, followed by a beta- 
particle. In this decay the K —L difference of the 
observed converted electron lines should be 
characteristic of the element indium, rather than 
of the next element tin which would have been 
the case had the beta emission occured first. The 
K-—L difference here observed confirms this as- 
signment. The value of the gamma-ray is more 
precisely given as 190.9 Mev. - 

Other shorter-lived activities did exist in the 
irradiated indium several hours after it was re- 
ceived from the pile, but their characteristics 
were not precisely determined. 


PRASEODYMIUM 


Praseodymium exists in nature only as the 
isotope of mass 141. By neutron capture it should 
be possible to excite a radioactivity in the mass 
142 previously reported* ® as having a half-life of 
19.3 hours. An analysis of the decay curve shows 
that the activity of this irradiated sample is more 
complicated. 

4 J. Lawson and J. Cork, Phys. Rev. 57, 983 (1940). 

5 M. Pool, J. Cork, and R. Thornton, Phys. Rev. 52, 239 
(1937); J. de Wire, M. Pool, and J. Kurbatov, Phys. Rev. 
61, 544 (1942). 
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COSMIC-RAY BURSTS 


Internally converted gamma-rays, associated 
with the short-lived activity, are found to have 
energies of 133.7, 328.9, 489.6, and 623.6 kev. 

It can be observed that the sum of the energies 
of the first and third gamma-rays is almost 
identical to that of the highest value. An analysis 
of the decay curve indicates that certain longer 
lived activities are present. The correct solution 
must await further aging of the specimen. 

By lead absorption there appears to be a high 
energy gamma-ray at about 2.1 Mev. 


RHENIUM 


Rhenium exists as two stable isotopes, of mass 
185 (38.2 percent) and mass 187 (61.8 percent). 
Neutron capture should produce Re 186 re- 
ported® as having a half-life of 90 hours and 
Re 188 with a half-life of 18 hours. The pile ir- 
radiated specimen was exceedingly: active, indi- 
cating a large capture cross section particularly 
for Re 185. A specimen with minimum usable 
mass gave good spectrograms, with an exposure 


6 K. Fajans and W. Sullivan, Phys. Rev. 58, 276 (1940). 
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of 20 minutes instead of several days as required 
for many other elements. 

An analysis of the half-life curve showed the 
principle decay to have a 91-hour half-life, to- 
gether with an additional initial activity whose 
half-life is determined as approximately 16 hours. 

Both emitters yield conversion electrons from 
which the gamma-rays are evaluated. A single 
converted gamma-ray of energy 153.6 kev is ob- 
served for the shorter half-life. For the 91-hour 
activity gamma-rays of energy 122.7, 135.8, and 
possibly 137.5 kev are found. In each case the 
K-—L-—M electron peaks are observed and the 
‘L’ line appears in the 91-hour activity stronger 
than the ‘K’. An-additional gamma-ray of energy 
0.64 Mev is indicated by absorption in lead. The 
upper limit of the beta-spectrum for the 91-hour 
activity appears by absorption in aluminum to be 
at 0.70 Mev. 

The values of the energies and half-lives ob- 
served in this investigation are shown collectively 
in Table I. These studies were made possible by 
the support of the Atomic Energy Commission 
and the Office of Naval Research. 
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Cosmic-ray bursts have been investigated by means of ionization chambers made of 
Duralumin, of volume 1.15 liter and wall thickness 12 mm, filled with argon to pressures of 
about 82 atmos. at 0°C. The bursts were registered with recording electrometers. The experi- 
ments were carried out in a hut with a thin roof at sea level and in an underground station 
under 30 meters of clay. At both levels runs were made with the chambers unshielded and 
also with sheets of aluminium (up to 33 cm) and of lead (up to 18 cm) placed above them. In 
all, about 3000 hours at the underground station and 1000 hours at sea level were successfully 
recorded. The results obtained underground are the first systematic investigation concerning 
bursts observed far below sea level. The air-lead transition curves there show a flat maximum 
which occurs at a greater thickness of lead than that observed at sea level. 


1. INTRODUCTION 


HE energy of the ionizing charged part of 
the cosmic radiation can be measured 


* This paper has been condensed by H. Carmichael, 
without significant changes of wording, from a paper pub- 
lished by C. N. Chou, under the same title, in Collected 
Papers (College of Science and Engineering, National Uni- 
versity of Amoy, China, 1943), Vol. 1, pp. 1-36. It has been 
submitted for publication in The Physical Review in the 


directly and individually in a strong electro- 
magnetic field with a cloud chamber, or indirectly 
and integrally, from the total energy lost in 


belief that experimental results are of considerable interest. 
The experimental data has been replotted from the original 
tables. Further discussion of the results will be found in the 
following paper. Two of the experimental curves were 
previously published in a short note: H. Carmichael and 
ci Chou,-Nature 144, 325 (1939). 
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THE UNDERGROUND APPARATUS 








Fic. 1. The tube-station 
apparatus. 
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ionization, by observations carried out at differ- 
ent latitudes, making use of the selective effect of 
the earth’s magnetic field. The energy limit 
reached by both these types of measurements is 
of the order of 10! ev for singly charged particles 
of electronic mass. To get information about the 
behavior of the more energetic rays one has to 


resort to the study of the production of showers | 


and bursts, which are secondary effects observed 
only with cosmic rays and are phenomena con- 
nected with the sudden release of a large amount 
of energy within a very short time initiated by a 
single primary. If our present theories!" are 


1N. Arley, Proc. Roy. Soc. A168, 519 (1938). 

2H. J. Bhabha, H. Carmichael, and C. N. Chou, Proc. 
Ind. Acad. Sci. A175, 518 (1940). 
( K Che Bhabha and W. Heitler, Proc. Roy. Soc. A159, 432 

1 ; 

a 940) Booth and A. H. Wilson, Proc. Roy. Soc. A175, 518 

5J. F. Carlson and J. R. Oppenheimer, Phys. Rev. 51, 
220 (1937). 

* H. Euler, Zeits. f. Physik 110, 450 (1938). 

7H. Euler, Zeits. f. Physik 110, 692 (1938). 

8H. Euler, Zeits. f. Physik 116, 73 (1940). 

® H. Euler and W. Heisenberg, Ergeb. d. exakt Naturwiss. 
17, 1 (1938). 
(1938) Landau and G. Rumer, Proc. Roy. Soc. A166, 213 

11H. S. W. Massey and H. C. Corben, Proc. Camb. Phil. 
Soc. 35, 463 (1939). 


correct, as seems probable, we have been able, by 
this means, to come to know the behavior of 
singly charged particles of electronic mass of 
energy up to the order of 10'* or 10'* ev. 

While many experiments concerning Hoff- 
mann! bursts at sea level and at high altitudes 
have been carried out under different conditions, 
so far experimental data concerning bursts under 
sea level are extremely meager.'*-'5 Indeed no 
proper experiments specially designed for the in- 
vestigation of bursts at great depths have yet 
been published. 

In the present paper are reported experimental 
results concerning bursts at sea level and under 
thirty meters of clay. 


2. APPARATUS 


The sea-level experiments were made in a hut 
at Cambridge, England. The roof of the hut was 
of sheet iron about 1 mm thick and the ionization 
chamber was 110 cm below the roof and 90 cm 
from three sides of the ordinary brick wall. This 
apparatus was about 110 cm above sea level and 

12 G, Hoffmann, Ann. Physik 82, 413 (1927). 

13 F, Weischedel, Zeits. f. Physik 36, 796 (1935). 


4 F, Weischedel, Zeits. f. Physik 101, 732 (1936). 
18 Clay, Hooft, Dey, and Wiersma, Physica 4, 121 (1937). 














COSMIC-RAY BURSTS 


will be referred to as the sea-level apparatus. The 
underground experiments were carried out in a 
similar hut situated on a disused platform in the 
Holborn Underground Station, London. Above 
the platform were strata of different kinds of clay 
30.8 m thick, the mean specific gravity of which 
was about two. Figure 1** gives the position of the 
ionization chamber in the hut. This apparatus 
will be referred to as the underground apparatus. 

The apparatus used was almost exactly the 
same in both locations. A diagram of the ioniza- 
tion chamber, which was designed by Dr. H. 
Carmichael, is given in Fig. 2. The chamber was 
made of Duralumin 1.2 cm thick. The vertical 
cylindrical aluminium electrode B was connected 
to an electrometer and also to a small calibrating 
condenser and a high resistance leak. The chamber 
potential was carried on the aluminium electrode 
A which was mounted concentrically with the 
earthed wall of the chamber. The collecting 
volume was about 1150 cc. Two such chambers 
(No. B and No. C) were used at sea level, and one 
(No. A) underground. They were filled with com- 
mercial oxygen-free argon to pressures of 88 
atmos. (No. A), 94 atmos. (No. B), and 87 atmos. 
(No. C) at 20°C. The chamber potential was 
about 1500-volts negative. The maximum time of 
collection for a positively charged ion traveling 
across the chamber was calculated to be less than 
0.4 second. 

The ionization was measured by an electrome- 
ter!®!8 which has been found to be specially 
suitable for the recording of bursts of all sizes. It 
had a gold-sputtered quartz fiber about 3 cm long 
and 10‘ cm in diameter. The air pressure in the 
electrometer, which for critical damping of the 
fiber was of the order of 0.05 mm mercury, was 
kept practically constant by connection of the 
electrometer to a 2-liter bottle. The complete re- 
sponse of the fiber to a sudden change of potential 
took approximately 0.5 second. 

For continuous photographic registration of 
the position of the fiber, a camera with a cylin- 
drical lens was used. The camera was driven by 
an induction motor to move a 16-mm unperfo- 
rated cine-film at a uniform slow speed. The fiber 


** See also Fig. 2 in the following paper. 

16H. Carmichael, Proc. Phys. Soc. 44, 400 (1932). 
17H. Carmichael, Proc. Phys. Soc. 46, 169 (1934). 
18 H. Carmichael, Proc. Roy. Soc. A154, 223 (1936). 
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was illuminated so that it shone by diffracted 
light against a dark background. The film speed 
was about 0.05 mm per sec. A time scale was 
recorded on the film. 

Immediately above the ionization chamber 
was a wooden platform, of size about 30 cm X30 
cm and about 2 cm thick, used as a support for 
different materials. This platform remained in 
position when all the experiments were being 
carried out. 

The ionization chamber potential of 1500 volts 
was obtained from twelve dry batteries of 125 
volts each. The batteries were piled up vertically 
and were insulated from one another by paraffin 
papers. No smoothing condenser was used and 
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the general behavior was found to be very 
satisfactory. 

A small electromagnet was used to operate a 
switch with platinum contacts for earthing the 
fiber, or applying a definite known voltage to it in 
testing the sensitivity of the electrometer. The 
charge calibration could be made by applying a 
known voltage to the calibrating condenser, 
which consisted of a circular brass disk with a 
guard ring. The calibrating condenser in each set 
of the apparatus was compared directly with a 
standard variable cylindrical condenser. Both 
voltage and charge calibrations were registered 
frequently on the film. 

The high resistance leak, a lacquered graphite- 
on-Pyrex resistance,'® gave a half-time of about 


_10 seconds. Its value was between 10! and 10” 


ohms. 

Experiments were performed with lead sheets 
and aluminium plates of size 20 cm X20 cm of 
different thicknesses. A short run was made at 
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sea level with 2.05 cm of lead 34.5 cm higher up 
than the normal position. Unshielded runs were 
frequently made, and experiments with each 
thickness of material were made in at least two 
separate runs. 

The apparatus was left running day and night. 
The sea-level apparatus was examined once a day 
to make the required adjustments and calibra- 
tions. The underground apparatus was left unat- 
tended for three or four days. To examine this 


+t 
12 vd ~ 
> 0.75x10° 
l 10N PAIRS 








































































































7 
{ SEALEVEL-ALUMINUM 
6 
5 
«4 
3 >10°10N PAIRS 
On ARS 5. 
3 = 
fn + a 
¢ 2's ; 
oa 
' P15XI0° 
=e : 
—_1—*4 |__| __>esxid 
of 2 : 
os UNDERGROUND -ALUMINUM 
a3 
> 10° ION PAIRS 
a2 I a t 
| ¢ : 
ST le ae 
“1 $F | I 
a er $ : edema ie 
005 T 5 





THICKNESS OF ALUMINUM 


Fic. 3. Effect of shields. 





1 L. F. Curtiss, Rev. Sci. Inst. 4, 679 (1933). 
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last mentioned apparatus the writer went to 
London from Cambridge regularly twice a week 
for more than one year (1937 winter to 1939 
spring). 

Altogether 2900 hours of successful recording 
underground and 330 hours for chamber No. B 
and 650 hours for chamber No. C at sea level were 
obtained. 


3. EXPERIMENTAL RESULTS 


The personal errors in counting the bursts are 
estimated to be not high. No barometric effect 
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correction is made. The results are given in the 
form of transition curves and integral number- 
size curves in Figs. 3 and 4. The errors indicated 
in Fig. 3 are the standard deviations, and the 
errors in Fig. 4 may be estimated from the fact 
that the last experimental point in gach curve at 
the low frequency end represents only one burst, 
the largest which occurred during the run. 

The sizes of the bursts are expressed in terms of 
the measured number of ion pairs. An estimate 
of the corresponding number of thinly ionizing 
cosmic-ray particles involved may be made by 
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assuming that each ray produces 80 ion pairs per 
cm in argon at atmospheric pressure and that the 
average path length in the chamber, of a ray 
(directed near to the vertical), is 15 cm: hence 
each ray will produce on the average 10° ion 
pairs, assuming negligible recombination in argon 
at 82 atmos. pressure. 


3.1 Transition Curves 


The air-lead transition curves at sea level 
(Fig. 3) confirm the results of earlier authors." ?°-*8 
The displacement of the maximum toward 
greater thicknesses with bursts of greater sizes 
can be seen fairly clearly. 

In the case of aluminium the transition curves 
at sea level (Fig. 3) show no rapid linear increase 
with thickness like that reported by Nie.”* 

No sharp maxima are observed for the air-lead 
transition curves underground (Fig. 3). However, 
the displacement of the flat maximum toward 
small thicknesses with smaller sizes of bursts is 
probably real. 

Some of the experimental points of the air- 
aluminium transition curves underground (Fig. 3) 
disperse rather far away from the smooth curves. 
However, that there is a definite appreciable in- 
crease of the number of bursts with increasing 
thicknesses seems to be certain. 


3.2 Number-Size Distributions 


A noticeable feature of the integral number- 
size distribution curves shown in Fig. 4 is that 
several of them cannot be represented by a single 
straight line, i.e., not by a simple power law of the 


form?> 
F(N)=A/N‘, (1) 


where F(JV) denotes the number of bursts greater 
than JN ion pairs and A and s are constants for a 
particular material. (This was pointed out by 
Carmichael and Chou in 1939,*) 

The number-size curves of the bursts from lead 
always show more bursts than the corresponding 
unshielded runs. In the case of aluminium, both 


2” J. K. Béggild, dissertation, Copenhagen (1937). 

21W. P. Jesse, Phys. Rev. 53, 691 (1938). 

2H. Nie, Zeits. f. Physik 99, 453 (1936). 

%R. T. Young, Phys. Rev. 52, 559 (1937). 

“4H. Nie, Zeits. f. Physik 99, 776 (1936). 

28C. G. Montgomery and D. D. Montgomery, Phys. 
Rev. 48, 969 (1935). 


CHOU CHANG-NING 


at sea level and underground, the number of big 
bursts is practically the same as in the corre- 
sponding unshielded runs, although for all thick- 
nesses there is a definite increase in the number of 
small bursts. The value of the index s in formula 
(1) is higher in the case of aluminium than in 
lead, in the range of small bursts in agreement 
with the results of Montgomery and Mont- 
gomery.”> The divergence between the curves 
with and without lead, in Fig. 4A, confirms 
similar results of Montgomery and Montgomery.” 
When the lead sheets are in the elevated posi- 
tion*** (Fig. 4A) there is a general decrease in the 
number of bursts of all sizes and the curve be- 
comes more similar to that of the unshielded run. 


3.3 Depth-Intensity Relations 


The value of the vertical intensity at sea level 
was from 17 to 19 times that in the underground 
station, according to the measurements of Follet 
and Crawshaw,?’ Crawshaw,”’ and Janossy,?® who 
all worked on the same platform of the same 
underground tunnel as the writer. 

Bursts from lead, at the maxima of the transi- 
tion curves of Fig. 3, appear to be about 15 times 
more frequent at sea level than in the under- 
ground station. On the other hand, when the 
chambers are unshielded, bursts of size greater 
than 3X 10° ion pairs are little more than 5 times 
more frequent (Fig. 4A) at sea level than 


underground. 
These results may be compared with those con- 
cerning showers,?7*&%°-86 the number of which, 


26C. G. Montgomery and D. D. Montgomery, Phys. 
Rev. 56, 640 (1940). 

*** It is unfortunate that facilities were not available to 
have conducted these experiments with hemispherical 
shielding. The experiment with lead in the elevated position 
shows that bursts from the more distant portions of the 
— shields used tended to miss the chamber altogether. 
27—. H. Follet and J. D. Crawshaw, Proc. Roy. Soc. 
A155, 546 (1936). 

28 J. D. Crawshaw, Proc. Phys. Soc. 50, 783 (1938). 

29. Janossy, Proc. Roy. Soc. A167, 499 (1938). 

t Because of the steeper part of the sea-level curve which 
does not appear to occur underground, comparison of the 
unshielded chambers for bursts of size smaller than 3 x 106 
ion pairs would yield a larger ratio. In this connection see 
the following paper. H. C. 

“ 939) Auger and T. Grivet, Rev. Mod. Phys. 11, 232 
a 937) Barnothy and M. Forro, Zeits. f. Physik 104, 744 
% J. Clay and P. H. Clay, Physica 2, 1042 (1935). 
3 A. Ehmert, Zeits. f. Physik 106, 751 (1937). 
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especially of the bigger ones, has been found to 
decrease less rapidly with depth than the vertical 
intensity. 


4. DISCUSSION OF RESULTS 
4.1 Unshielded Runs 


An interpretation of the results observed in 
unshielded runs invoking the effect of air 
showers*’—“ was given by Carmichael and Chou,* 
and independently by Montgomery and Mont- 
gomery.”® A detailed analysis has since been 
given by Euler.* The validity of the energy 
spectrum for world-space electrons, 


H(E) =(const./E!:$), (2) 


is established for the range 2.10° ev<E<3.10'5 
ev, where H(E) denotes the frequency of elec- 
trons above energy E (see also reference 36). It 
may be remarked here that while Euler’s inter- 
pretation of the branch of smaller bursts in the 
case of Carmichael’s big chamber as due to 
cosmic-ray induced nuclear disintegrations seems 
to be satisfactory, the same interpretation for a 
small chamber (one of the chambers used in the 
experiments reported here) could not be true as 
the latter chamber was made of Duralumin in- 
stead of iron, and the pressure of argon was 
almost 90 atmospheres. ff 


4.2 Sea-Level Results 


The bursts produced in lead at sea level up to 
medium thicknesses can be explained as bursts 
produced by electrons and photons falling upon 
the material sheets, according to cascade theory. 
The positions of the maxima of the transition 


% T, Grivet-Meyer, Comptes Rendus Acad. Sci. (Paris) 
206, 833 (1938). 

36 W. H. Pickering, Phys. Rev. 52, 1131 (1937). 

36 V. C. Wilson, Phys. Rev. 53, 337 (1938). 
038) Auger, Comptes Rendus Acad. Sci. (Paris) 207, 907 

1 a 

38 Auger, Ehrenfest, Maze, Daudin, Robley, and Freon, 
Rev. Mod. Phys. 11, 288 (1939). 

9 P. Auger and R. Maze, Comptes Rendus Acad. Sci. 
(Paris) 207, 228 (1938). 

# P,. Auger and R. Maze, Comptes Rendus Acad. Sci. 
(Paris) 207, 671 (1938). 

4t Auger, Maze, Ehrenfest, Jr., and Freon, J. de phys. 
et rad. 10, 39 (1939). 

4 P. Auger, R. Maze, and T. Grivet-Meyer, Comptes 
Rendus Acad. Sci. (Paris) 206, 1721 (1938). 

48 L. Janossy and A. C. B. Lovell, Nature 142, 716 (1938). 

tt See, however, the fuller discussion in the following 


paper. H.C, 
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curves, the displacement of these maxima toward 
bigger thicknesses with increasing size of the 
bursts, the widths of the maxima, and the slopes 
of the number-size curves are given correctly by 
the theory (see, however, Bethe*‘ and Oppen- 
heimer**) if one assumes the empirical spectrum 
of world-space electrons given by expression (2). 
The decay electrons of mesons are of low energies 
and contribute only negligibly. 

The initial slope of the aluminium transition 
curve at sea level for bursts of medium size (for 
bursts of size greater than 10° ion pairs) is much 
the same as that of the air-lead transition curve 
when both curves are measured in the length 
units of the cascade theory. It is interesting to 
note that if the big bursts were caused by a 
mechanism connected with the nuclear mass, 
for example, the explosive type suggested by 
Heisenberg,** “7 one should expect far more big 
bursts to occur (in Al) than those observed. 


4.3 Underground Results{{f{ 


The underground transition curves compare 
favourably with those concerning showers ob- 
served with counters.””—-™ 48 For example, the rate 
of occurrence of bursts underground can be com- 
pared with that of the showers measured by 
Janossy in the same underground tunnel. The 
effective area of the set of five counters used by 
Janossy”® was about 300 sq. cm, and it required at 
least three rays to actuate his counters in the 
pentagonal disposition. He found 0.6 coincidence 
per hour when the counters were 3 meters below 
the roof of the tunnel and unshielded. The 
effective area of the ionization chamber was about 
100 sq. cm: 3 of that of Janossy’s apparatus. 
Hence we would expect it to intercept on the 
average only one ray of each of the smallest 
showers measured by Janossy. If we extrapolate 
the lower curve in Fig. 4C to find the number of 
bursts of size greater than one ray (i.e., 10° ion 


“ H. A. Bethe, Phys. Rev. 57, 1062 (1940). 

45 J. R. Oppenheimer, Rev. Mod. Phys. 11, 264 (1939). 

46 W. Heisenberg, Zeits. f. Physik 101, 533 (1936). 

47 W. Heisenberg, Zeits. f. Physik 113, 61 (1939). 

ttt A discussion of bursts produced underground by 
electrons knocked on by mesons, but not including bursts 
produced by gamma-radiation from mesons, has been given 
by Bhabha, Piceniclonl and Chou (see reference 2). For a 
comprehensive account of bursts produced by mesons see 
Christy and Kusaka, Phys. Rev. 59, 414 (1941). H.C. 

48D. H. Follet, Proc. Phys. Soc. 51, 585 (1939). 
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pairs) which would be observed, we find the 
number to be 0.65 per hour, which agrees 
satisfactorily with Janossy.f 

Subsequently, George*® did some shower experi- 
ments in the same underground station as the 
writer, using four counters arranged in a square 
array with hemi-cylindrical sheets of different 
materials placed above them. In the case of the 
air-lead transition curves he found a reasonably 
sharp maximum at about 1 cm of lead, and the 
number of showers decreased but very slowly up 
to 22 cm of lead. 

The air-aluminium transition curves observed 
underground agree qualitatively with the corre- 
sponding shower transition curves reported by 
Auger and. Grivet.® 


5. CONCLUSION 


Summing up, although the possibility of some 


non-electromagnetic processes for the production 
of bursts observed here (from about 10 rays to 
about 200 rays) is not entirely excluded,® the 
usual quantum theory of radiation and cascade 
processes seem to be able to explain adequately at 
least a great majority of the phenomena observed 


t It should be noted here that the same good agreement 
with Janossy’s counter observations is not obtainable by 
extrapolation of the steep part of Chou’s unshielded sea- 
level curve. With the same counter apparatus, unshielded, 
at sea level Janossy found only one coincidence per hour. 
Rough agreement with this value can, however, be ob- 
tained by extrapolation of the lower part of the sea-level 
o_- This point will be discussed in the following paper. 

49E. P. George, private communication (1939) with the 
author. 
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both at sea level and under thirty meters of clay. 
This conclusion agrees with that deduced from 
counter experiments or cloud-chamber ob- 
servations, 5° 5! 
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Data obtained in some 2000 hours of photographic 
. registration of cosmic-ray ionization bursts at sea level 
(some of which has been published previously) is reported 
in full. The measurements cover a very wide range of 
burst size (factor 2000) in two ion chambers of volumes 
175 and 1.1 liters, with argon, nitrogen, and hydrogen gas 
fillings at pressures ranging from 1.5 to 87 atmos. When 
the ion chambers (thin-walled) are unshielded the bursts 
are very Clearly separable into a component resulting from 
the extensive cascade showers from the atmosphere and a 
component resulting from heavily ionizing particles from 
cosmic-ray induced nuclear disintegrations. The number- 
size distributions to be expected in the ion chambers from 
° 
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single protons and alpha-particles produced by nuclear 
disintegrations are calculated on the assumption that these 
particles have the energy spectrum given by Bagge. The 
effect of columnar recombination at high pressures in nitro- 
gen and argon is discussed and allowed for. The agreement 
obtained between the calculated curves and those observed 
shows that the interpretation of this component as chiefly 
caused by single heavily ionizing protons and alpha- 
particles is probably correct. Some very rare bursts of 
anomalously large size are found under moderate thick- 
nesses of lead. The experimental results of others are re- 
viewed, and detailed comparisons are made. 








1. INTRODUCTION 


HIS paper is a discussion of a recent remea- 
surement of old photographic recordings of 
ionization bursts in two ion chambers of very 
different size. The recordings were made at sea 
level, at Cambridge, England, during the years 
1935 and 1936 with apparatus that has already 
been described.1-* Only parts** of the results 
have so far been published. In the present mea- 
surements, bursts of somewhat smaller size have 
been included because of their probable connec- 
tion with nuclear fragmentation and the heavily 
ionizing particles resulting therefrom. 

One striking feature of the measurements, 
which was first noted in 1936? and again reported 
in 19394 but which has not so far been fully 
confirmed by others, is the very steep slope of 
the size-frequency distribution curve for the 
smaller bursts (the exponent of the integral 
curve approaches 6 when the ion chamber is 
unshielded) followed by a sharp change of slope 
or kink where the readings pass on to the more 
normal curve of the larger bursts (integral 
exponent about 1.5). A kinked distribution curve 
was found both in a large ion chamber at low 
pressure and in a small ion chamber at high 
pressure. When first noted in the large ion 
chamber,? the numerous small bursts which 

1H. Carmichael, Proc. Phys. Soc. 46, 169 (1934). 

2H. Carmichael, Proc. Roy. Soc. A154, 223 (1936). 


* Preceding paper by C. N. Chou in this issue. 
4H. Carmichael and C. N. Chou, Nature 144, 325 (1939). 
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produced this change of slope were attributed to 
the superimposed effects of radioactive alpha- 
particles statistically coinciding within the 
resolving time of the apparatus. After a similar 
change of slope had also been found in an ion 
chamber at high pressure,‘ the small bursts 
producing it were thought to be caused by 
electrons (from the outer fringes of extensive 
atmospheric showers‘) because it is known that 
ionization which is produced by heavily ionizing 
particles in gases at high pressure tends largely 
to disappear by columnar recombination. Both 
these interpretations now appear to be wrong. 

Our 19394 curves were discussed in some detail 
by Euler,* who calculated the size-frequency 
distributions to be expected from large cascade 
air showers’ originating at the top of the atmos- 
sphere and showed that only the less steep parts 
of our curves could be due to these showers. 
Euler then postulated that the steeper parts 
might be connected with the heavy particle 
stars’ ® found in photographic plates. He esti- 
mated the number of single energetic protons 
arising from the stars and calculated the dis- 
tribution curves of bursts that they would be 
expected to produce at sea level in two cubical 
ion chambers filled with air at atmospheric 


5 Auger, Maze, Ehrenfest, Jr. and Freon, J. de phys. et 
rad. 10, 39 (1939). 

6H. Euler, Zeits. f. Physik 116, 73 (1940). 

7E. Schopper, Naturwiss. 25, 557 (1937). 

8 M. Blauand H. Wambacher, Nature 140, 585 (1937), 
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pressure and of volumes 1/4 and 1/100 cubic 
meters (roughly equal to the volumes of our two 
ion chambers). For simplicity the cubical ion 
chambers were supposed to be set at right angles 
to the paths of the protons. His curves had the 
required steep slope, and the frequency of bursts 
was of the right order, but the size of the bursts 
in the large ion chamber was somewhat too small 
and in the small ion chamber very much (ten 
times) too large (see Fig. 8). Euler remarked that 
the pressure of the gas (82 atmos. argon) in the 
small ion chamber was not given in our short 
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note to ‘‘Nature’’ ‘ and that the calculated size 
of the bursts would be much reduced if we had 
used a high pressure. 

Following the publication of Euler’s paper, 
Hoffmann,’ in 1942, reported that he had partly 
confirmed our experimental curve using a large 
ion chamber filled with nitrogen at atmospheric . 
pressure. The resolving power for small bursts 
was enhanced by the use of a multiple electrode 
system in the ion chamber to shorten the col- 
lecting time of the ions. Hoffmann found nu- 
merous small bursts which had a very steep 


LARGE ION CHAMBER 
(COLLECTING VOLUME 175 LITRES 
SHOWN CROSS-SHADED) 





SMALL ION CHAMBER 
(COLLECTING VOLUME I-I5 LITRES 


SHOWN CROSS- SHADED) 


Fic. 1. The two ion chambers and their lead shields. 


* G. Hoffmann, Zeits. f. Physik 119, 35 (1942). 
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Fic. 2. Details of buildings 
housing the ion chambers. 
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distribution curve and, following Euler, he 
attributed them to protons. His complete curve, 
however, has a gap at the rather important place 
where our curve shows a kink because he had to 
use an alternative, less sensitive, apparatus to 
record the larger bursts. 

Smooth distribution curves, steeper than 
normal, in unshielded thin-walled ion chambers, 
have been reported by Street,!° Montgomery," 
Schmid,” Hoffmann,® Clay," and Kingshill and 
Lewis.’ Neglecting Euler’s argument, Kingshill 
and Lewis adhered to the view that their bursts 
were produced by air showers, and they com- 
pared their curve with the steeper part of ours 
on this basis, saying that the less steep branch of 
our curve must have been produced locally, by 
mesons, in the walls of the building surrounding 
our apparatus. When we consider the good agree- 
ment obtained by Euler in interpreting this 
latter part of our curve on the basis of the air 
showers, it seems that this interpretation of 
Kingshill and Lewis must be wrong. Their ion 
chamber and the gas pressure in it were probably 


( 035) C. Street and R. T. Young, Phys. Rév. 47, 572 
1935). 
11C, G. and D, D. Montgomery, Rev. Mod. Phys. 11, 
12H, Schmid. Ann. d. Physik 117, 452 (1941). 


225 (1939). 
13 J. Clay and C. G. T. Hooft, Physica 11, 251 (1945). 
“ 6. L. Kingshill and L. G. Lewis, Phys. Rev. 69, 159 








too small to show the air showers within the 
range of frequency which they investigated. 

A possible criticism of the experimental work 
of Kingshill and Lewis is that the range of burst 
sizes investigated overlaps that of the pulses to 
be expected in their ion chamber from alpha- 
particle radioactivity of the walls. However, if 
the effect of these alpha-particles can be neg- 
lected, it can be said that the experimental 
reality of the steeper part of our curve has now 
been confirmed both by Hoffmann and by 
Kingshill and Lewis. 

C. G. and D. D. Montgomery more recently'® 
have separated out from their sea-level experi- 
mental data a steep distribution curve of small 
bursts which has a rate of occurrence independent 
of the shielding of the ion chamber. They 
attribute these bursts to local nuclear processes. 
In the present paper a slight dependence of these 
small bursts on shielding is found (see Section 
5.2). 

The very recent work of Rossi and his col- 
laborators,!® using powerful new methods of 
measuring the bursts, has yielded distribution 
curves which do not have the very steep slope 
; be = G. and D. D. Montgomery, Phys. Rev. 72, 131 
Or Bridge and B. Rossi, Phys. Rev. 71, 379 (1947), 


and papers) 6 at the Washington Meeting in May 1947, 
Phys. Rev. 71, 151 (1947). 
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TABLE I. 








Ion-chamber 
specification 


Pressure 
atmos. at 0°C 


Shield 





Duralumin, volume, 
1.15 liters; wall 
thickness, 1.2 cm 


woabrrrmag 


Steel, volume 
175 liters; wall 
thickness, 0.32 cm 


Wood, volume, 
175 liters; wall 
thickness, 2.5 cm 


none 
none 
none 
Pb disk, 19X2 cm 


none 
Pb disk, 192 cm 


none 
Pb block, 20X20 1.48 
or X2.05 or X4.08 cm 


Pb disk, 50 X4.3 cm 

none 

Pb disk, 504.3 cm 

none 

Pb disk, 50 X2.45 or 
X4.3 or X5.8 cm 


DVOSRHAY 


SSSanw 


= 


none 


metric 








characteristic of those of Kingshill and Lewis, 
Hoffmann, Montgomery, and the writer; never- 
theless this difference is possibly explicable as 
due to the long cylindrical shape of Rossi’s 
ion chamber (see Section 4.2). 

Even in the well established region of the larger 
bursts, it is surprising how difficult it is to obtain 
really good quantitative agreement between the 
results of different experimenters. The kind of 
agreement that can be obtained has been well 
shown by Clay but appears good only because 
the bursts are plotted over a very large range of 
size and frequency. As will be shown below, our 
measurements, in the middle part of the curves 
at least, are probably accurate to within a few 
percent. If it is assumed that the measurements 
made by others are equally reliable and that 
proper allowance has been made for the difference 
of size of the ion chambers and for the difference 
of stopping power of the contained gases, the 
discrepancies which remain can only be ascribed 
to the influence of the ion-chamber walls and the 
laboratory surroundings. The surroundings of 
our apparatus are therefore described in the 
next section in more detail than previously given. 


2. EXPERIMENTAL OBSERVATIONS WITH LARGE 
LOW PRESSURE AND SMALL HIGH 
PRESSURE ION CHAMBERS 


2.1 Ion Chambers and Surroundings 


The two ion chambers are shown to scale in 
Fig. 1, and also the lead shields and their sup- 


porting wooden platforms. A larger drawing of 
the small ion chamber is given in Fig. 2 of the 
adjacent paper.* It should be noted that the 
facilities and effort available for these experiments 
unfortunately did not allow the use of large hemi- 
spherical lead shields. The shields used were small 
and sufficed only to indicate the effect of lead. 

Details of the buildings surrounding the ion 
chambers are shown in Fig. 2. For the experi- 
ments reported in this paper the apparatus was 
always at station X. Also shown in Fig. 2 
(stations Y and Z) are the sea level and the 
underground sites used by C. N. Chou, with the 
same type of apparatus,? for the experiments 
described in the adjacent paper. 

Runs were made with various gases in the ion 
chambers both with and without lead shielding. 
Particulars of the conditions are given in Table I 
where the five ion chambers have been dis- 
tinguished for reference by the letters A to E 
and the fourteen different runs by the letters J 
to W. It will be noted that in runs Q and V the 
results with three different thicknesses of lead 
have been added together. Runs P and Q are 
taken over from the sea-level data obtained by 
C. N. Chou in station Y (reported in the adjacent 
paper) and supplement the shorter runs NV and 
O made in station X. 


2.2 Presentation of the Experimental Results 


It has become customary to express the 
measured size of cosmic-ray bursts in terms of 
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the number of shower particles per unit area of 
the ion chamber. This practice involves assump- 
tions about the cause of the bursts (some of 
which may in fact be caused by heavily ionizing 
particles) and about the specific ionization of a 
shower particle in the gas in the ion chamber. It 
now seems better to revert to the practice of 
expressing burst sizes in terms of the number of 
ion pairs collected in the ion chamber, a quantity 
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which is directly measured by the apparatus. 
This is also in line with the method used by 
Rossi'® of standardizing against pulses produced 
within the ion chamber by alpha-particles from 
polonium. 

In Fig. 3, the integral frequency-size distribu- 
tion curves obtained in runs J to V of Table I 
have been plotted in the standard logarithmic 
manner, the sizes-of the bursts being given in 
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Fic. 3. Integral frequency-size relations. 
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TABLE II. The experimental data. 








Logio (No./hr. 
larger than : 
Logio (No./hr. larger than given size) : given size) : Logio (No./hr. larger than given size) 

J M N O- P Q i R Ss : U V Ww 





1.990 
1.528 
0.990 
0.602 
0.210 
1.573 
1.096 














ion pairs. The phenomena have been studied Fig. 3 have been vertically separated from those 
over a very wide range of size (factor 2000) with with the small to avoid overlapping of the 
the same recording apparatus, but individual curves. For convenience of replotting, the 
runs do not extend over quite the complete logarithmic coordinates of the experimental 
range. The runs with the large ion chamber in points are given in Table II. 
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3. DISCUSSION: LOW PRESSURE DATA, INCLUD- 
ING COMPARISONS WITH THE RESULTS 
OF OTHERS 


3.1 General 


At their large size ends the curves of Fig. 3 in 
every case extend out to the largest single burst 
observed so that near this end they lose statistical 
accuracy. However, the anomalous slope indi- 
cated near the large size ends of curves V and 7, 
obtained with lead shielding above the large ion 
chamber, is possibly real and may indicate the 
emergence of a new type of burst found only 
once or twice per 100 hours at sea level in large 
low pressure ion chambers. There is also some 
slight indication (see Section 5.2) of these bursts 
under lead in the small high pressure ion 
chamber. They appear to occur only under lead 
of moderate thickness (2-6 cm) and were not 
found in unshielded runs or in runs* under large 
thicknesses of lead. Nor do they appear in the 
data of the Carnegie meters!” under 12 cm of lead. 

At the small size ends of the curves, the mea- 
surements of the recordings have been pushed to 
the limit at which the bursts disappear within 
the general fluctuations of the recording. For the 
last two or three experimental points on each 
curve, therefore,no great accuracy can be claimed 
either in the size or the frequency measured, and 
it would be quite permissible to change the fre- 
quencies by a factor of two or more. Because of 
the logarithmic method of plotting, however, 
errors of even this magnitude do not much affect 
the general run of the curves. 

In the middle of its range, each of the curves 
of Fig. 3 is believed on the evidence which follows 
to be fairly accurate. 

The curves N and P, plotted in Fig. 3, were 
obtained with different ion chambers and dif- 
ferent sets of recording apparatus, independently 
calibrated by different observers (H.C. and 
C.N.C.). The ion chambers were, however, of 
the same construction and were filled with argon 
to about the same pressure (see Table I). The 
two sets of results coincide very exactly, although 
the measurements were made in the different 
stations X and Y of Fig. 2. This indicates that the 
calibrations of the two sets of apparatus were 


rted in this 


* Not re paper. 
pp, Phys. Rev. 69, ane ene 
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Fic. 4. Comparison of size-frequency distributions, calcu- 
lated for radioactivity alpha-particles, with experiment. 


probably correctly made, and it can also be con- 
cluded that the small bursts of the steep branch 
are not much influenced by the laboratory walls 
and roof. As regards the larger bursts of the less 
steep branch, a similar inference cannot be made 
from this data because run N was not of suf- 
ficient duration (see Table I). Actually, work of 
Montgomery" has shown a strong dependence of 
the larger bursts on the site of his apparatus 
within the laboratory. 
~ It will be noticed that the corresponding curves 
O and Q of Fig. 3, taken with lead shielding, do 
not quite agree. The reason for this is chiefly 
that the gas in the ion chamber used for curve Q 
was at rather higher pressure; also the lead shield 
for curve Q was of rather larger area (see Table I). 
A second test of the accuracy of the absolute 
calibration of the apparatus is obtainable from 
curves J and K. These are from runs made with 
two of the small ion chambers filled with hydro- 
gen at the comparatively low pressures of 6 and 
2.38 atmos., respectively. At these pressures the 
mass of gas enclosed is too small to give measur- 
able pulses from cosmic-ray showers. Heavily 
ionizing particles produced by cosmic radiation 
would be measurable, but there is no certain 
evidence of these in the short runs made (a single 
anomalously large burst occurred in run K). 
Cosmic-ray effects might be expected to show 
more strongly in the ion chamber at higher 


18 C. G. and-D. D. Montgomery, Phys. Rev. 56, 640 
(1939). 
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TABLE III. 








Nitrogen 


or air Hydrogen 





Gas Argon 


Relative stopping power 
for alpha-particles and 
protons 1.0 1.0 
Energy spent per ion pair 
for alpha-particles and 
protons (ev) 
Relative ionization for 
cascade showers 1.4 1.0 


25.4 33.0 








pressure, whereas the average size of the pulses 
measured is nearly the same in both ion chambers. 
Those at the higher pressure actually were smaller 
' by some 6 percent, which is in good agreement 
with the well-established behavior of alpha- 
particles, for which columnar recombination of 
the ions becomes noticeable’? in commercial: hy- 
drogen for the collecting field used here, at a 
pressure of about 6 atmos. (The crossing over of 
the curves occurs because alpha-particles were 
more frequent in one of the ion chambers.) A cal- 
culation was made of the distribution curve of 
pulse sizes to be expected, assuming that the 
alpha-particles were coming from the natural 
radioactive elements in the wall material of the 
ion chamber and that the gas was free from radio- 
active impurities. The result of this calculation 
is represented by the full line in Fig. 4, on which 
the experimental points of run K are also shown. 
The frequency of the calculated pulses is fitted to 
the experimental frequency at the second experi- 
mental point from the left, and the manner in 
which the rest of the curve matches up with the 
experimental points provides a very direct con- 
firmation of the calibration of the apparatus. 
Further details will be given in the next section. 


3.2 Influence of Alpha-Particles 


As a basis for calculation of the size-frequency 
distribution of alpha-particle pulses in one of 
the small ion chambers, it was assumed that the 
aluminum wall material contained uniform con- 
centrations of both uranium and thorium in 
equilibrium with their decay products and that 
the relative amounts were such that the disin- 
tegration rates of the two series were equal. It 
was also assumed that the-probability of pulses 


19 G, Jaffe, Ann. d. Physik 42, 303 (1913); 1, 977 (1929); 
Physik. Zeits. 30, 849 (1929). 


produced by accidental superposition of two 
alpha-particles within the resolving time of the 
apparatus (~0.5 second) was negligibly small. 
However, there would be additive effects for the 
relatively rapid (0.1 second) successive thoron 
and thorium A disintegrations from which both 
of the alpha-particles entered the ion chamber. 
These were included but not by a rigorously 
exact method. The calculation was made by 
S. Kushneriuk of the Chalk River Laboratory 
using data and formulae given by Evans,?° and 
it resulted in the full curve of Fig. 4. The broken 
curve in Fig. 4 shows the effect of neglecting to 
add together the coincidences arising from the 
thoron and thorium A disintegrations. 

Here, it is of interest to examine the sea-level 
curve for an argon-filled ion chamber given by 
Kingshill and Lewis.!4 This curve has been 
replotted in Fig. 4, where it will be seen that it 
seriously overlaps the alpha-particle region. 
Comparison must be made with the calculated 
alpha-particle curve which includes the thoron, 
thorium A coincidences because the collection 
time of the ions in Kingshill and Lewis’ ap- 
paratus was 0.4 sec. In making comparison, the 
size of the pulses calculated for hydrogen must 
be increased by a factor 1.3 because less energy 
is required to produce ion pairs in argon than in 
argon than in hydrogen (Table III), and their 
frequency may reasonably be decreased by a 
factor 2.5 because the walls of Lewis’ ion chamber 
(of four times greater area) were made of steel 
which usually contains 10 times less radioactive 
impurity” than the aluminum used by the writer. 
This changes the position of the calculated curve 
only slightly, as indicated by the arrows in Fig. 4, 
and so it seems to be very probable that the 
Kingshill and Lewis data must be considerably 
affected by alpha-particles unless by some mis- 
take they have underestimated the real size of 
their bursts (see Section 4.3 in this connection). 


3.3 The Kink 


The most accurate curve of Fig. 3, (curve U) 
obtained with the large ion chamber unshielded, 
is replotted in Fig. 5. This curve evidently passes 
from a steep branch of bursts predominantly of 
one kind to a less steep branch of bursts pre- 


20R. D. Evans, Phys. Rev. 45, 29 (1934). 
21 J. A. Bearden, Rev. Sci. Inst. 4, 271 (1933). 
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dominantly of another kind. If the two branches 
are now extrapolated towards each other in the 
very reasonable manner shown by the broken 
lines, and if then a combined curve is formed by 
addition of the two parts, the original curve 
including the kink is reproduced very exactly. 
The full line through the experimental points in 
Fig. 5 is the result of this addition. Assuming 
with Euler® that the smaller bursts with a steep 
distribution curve arise mainly from nearby 
nuclear disintegrations, it will now be convenient 
to call them “fragmentation” bursts and the 
others, arising from the air showers, cascade? 
bursts. 

The kink is therefore associated with the com- 
parative steepness of the distribution curve of 
the fragmentation bursts as plotted logarithmi- 
cally. The portion of the composite curve near 
the kink is given by, 


N= (23.4)/(P!) +(1.51 X 10°)/(P7-), 


(15<P<100), (1) 
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where JN is the number of bursts per hour which 
are larger than P and P is the size of a burst in 
10° ion-pair units. 

The distribution curve obtained with the small 
ion chamber unshielded (curve (N+P) of Fig. 3) 
has an even more marked kink than the curve U 
just discussed above, but the analysis of curve 
(N+P) is more complicated in that it appears 
to have at least 3 components (see Section 5.2 
and Fig. 13). The kink tends to disappear when 
lead is placed above the ion chamber (curve 


(0+Q)). 


3.4 Review of Data on Cascade Bursts in Low 
Pressure Ion Chambers 


In Fig. 5, for comparison with curve U, the 
sea-level curves given by Béggild® (under a 4.5- 
cm iron shield), Lapp!’ (1.25-cm iron), and 
Hoffmann? (inside a building) are reproduced as 
examples of the cascade type of burst and the 
sea-level curves of Hoffmann,® Kingshill and 
Lewis,'4 and Bridge and Rossi,!*** as examples 
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Fic. 5. Analysis of size- 
frequency distribution in the 
large ion chamber and com- 
parison with the measure- 
ments of others. 
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2]. Béggild, Die Naturwiss. 23, 372 (1935). ; ; - ; ‘ 
** Some additional data and an erratum, received privately from Drs.{Bridge and Rossi, have been included, 
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TABLE IV. Experimental conditions for various authors. 








C. G. and 
D. D. Mont- 
gomery 


Carmichael 
(curve U) 


tie 


Author 


Hoffmann 


Boggild 





Shape of ion chamber Sphere Cylinder 
Volume (liters) 50 175 
Diameter (cm) 45 50 
Length (cm) 90 
Gas Nitrogen Argon 
Pressure (atmos.) 14.5 1.52 
Wall material Magnesium Iron 


Wall thickness (cm) 1.0 0.32 


Shielding air | 
ig. 2 


Exposed 


Cylinder 
265 


Aluminium 
0.15 
Building 4.5-cm 


Cylinder 
35 


35 
60 


Nitrogen Air 
1.0 


Brass with 
iron ends 
0.5 brass 
1.0 iron 


0.06(?) 


Exposed 
iron 








of the fragmentation type. The curves have been 
drawn as carefully as possible through the experi- 
mental points given by the various authors, 
without regard for the way in which the authors 
themselves have drawn their curves.*** 

The ion chambers are small even compared 
with the central region of high density of particles 
expected from the theory®* of cascade showers 
from the atmosphere. It follows that the fre- 
quency of the bursts in two unshielded thin- 
walled ion chambers of different size will be 
approximately the same but that the size of the 
bursts will be proportional to vpqg, where v is the 
volume of the ion chamber, # is the gas pressure, 
and g is proportional to the stopping power of 
the gas for the ionizing particles and to the 
number of ion pairs that are collected per unit 
energy absorbed. If, on the other hand, the wall 
of an ion chamber is heavy or if there is heavy 
shielding material nearby, the size of each burst 
is liable to be increased by the admixture of 
narrow showers formed in this shielding by 
individual high energy electrons of the air 
showers. 

When the above adjustment of size propor- 
tional to vpg is applied to the curves of lesser 
slope in Fig. 5, for comparison with curve U, the 
resulting changes of size are indicated by the 
arrows. Good agreement with curve U is obtained 
only in the case of Lapp. The size of Mont- 
gomery’s bursts differs by a factor 2.5. The 


*** In the case of Montgomery (see reference 15), also 
included in Fig. 5, this procedure has brought to light a 
detectable bend which looks very similar to the sharp bend 
in curve U. ’ 

*8 G. Moliére, Heisenberg’s Cosmic Radiation (Springer- 
Verlag, Berlin, 1943), translated by T. H. Johnson (Dover 
Publications, New York, 1946), Chapter 3. 


reason for this must be connected with the very 
light wall material (1 cm magnesium) and good 
exposure of Montgomery’s ion chamber. The 
disagreement in Bgggild’s case is probably ex- 
plained by the presence of a 4.5-cm iron shield 
above his ion chamber. The data on which these 
transformations are based is given in Tables III 
and IV. 

The integral spectrum of extensive showers 
measured by means of counters at sea level has 
been given by Cocconi, Loverdo, and Tongiorgi** 
in the form, 


H(A) =0.12410-4/A"“* cm sec.—!, (2) 


where H(A) is the frequency of showers with 
density >A. They have shown that this spectrum 
is in good agreement with the calculations of 
Moliere.4 The integral spectrum of bursts that 
would be produced by these showers in the ion 
chamber used for curve U was computed on the 
assumption that the shower particles produce an 
ionization in normal argon of 93 ion pairs per cm, | 
corresponding to the minimum value of the 
energy loss.?5 + The resulting curve is reproduced 
in Fig. 5. There is a striking parallelism with 
Béggild ‘and with the cascade part of curve U, 
but the apparent shower densities measured by 
means of ion chambers are larger than given by 
counters by the factors: Montgomery, 1.4; 
Lapp, 3.8; the curve U, 4.3; Hoffmann, 6.3; 
Béggild, 9.1. These factors are all too large to 


% G. Cocconi, A. Loverdo, and V. Tongiorgi, Phys. Rev. 
70, 841 (1946). 

% Princeton University data prepared by E. P. Gross 
(December 1, 1947). 

¢ The writer thanks Dr. J. A. Wheeler for the benefit 
of a discussion and for forwarding the Princeton data. 
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be wholly accounted for by cascade multiplica- 
tion of the showers in the walls of the ion 
chambers and in nearby dense materials. Evi- 
dently the size of the bursts as here computed 
from the counter data is too small by a factor 
certainly at least 1.4. This ratio can be accounted 
for if the average ionization of the shower par- 
ticles is correspondingly larger than assumed. It 
is probable that we have here quite a valid experi- 
mental indication that high energy electrons have 
ionization density larger than the minimum, 
as predicted by Bethe.?* The cascade electrons of 
the air showers must have average energy of at 
least 10* ev. A factor 1.4 for cosmic-ray electrons 
of 108 ev is expected theoretically and has been 
found experimentally by Hayward.?? 

After making this adjustment a ratio of 2.7 
still persists between the sizes observed by Lapp 
and deduced from counters. Cascade multiplica- 
tion of this amount would not be expected in 
the 1.25-cm iron wall of Lapp’s chamber. Ex- 
perimental conditions in the other cases are too 
complicated for comparisons, but there is some 
experimental evidence which indicates that the 
4-inch steel wall of the 175-liter ion chamber used 
for curve U did not have very much influence on 
the cascade bursts. This is shown in Fig. 6, where 
the data of run W of Table II is plotted in com- 
parison with run S. Run W was made with the 
steel case of the ion chamber replaced by a 1-inch 
thick air-filled wooden case. The enhancement 
of the air bursts in site X must therefore have 
taken place in the thick reinforced concrete roof 
and brick walls surrounding the apparatus (see 
Fig. 1). It had been planned also to use this 
wooden ion chamber out of doors but, unfor- 
tunately, this was not done. The record of run W 
with the wooden ion chamber was, however, 
much disturbed by ‘“‘interference,’’ and so is 
not greatly to be relied upon. 

It will be noted that in Béggild’s curve (Fig. 5) 
there is no trace of fragmentation bursts. How- 
ever, Béggild’s ion chamber was filled with air 
at a pressure of 7 atmos., and, therefore, if the 
fragmentation bursts are caused by heavily 
ionizing particles, it is possible that they were 
here suppressed by columnar recombination.’® 


(sath Rossi and K. Greisen, Rev. Mod. Phys. 13, 240 
1). 
27 FE, Hayward, Phys. Rev. 72, 937 (1947), 
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The validity of the inference that the fragmenta- 
tion bursts are in fact produced by heavily 
ionizing particles (i.e., protons, alpha-particles, 
or nuclear fragments, of energy less than that 
for which their specific ionization is a minimum) 
is strengthened progressively by the experi- 
mental evidence from the following sections. 


3.5 Comparison of Fragmentation Bursts in 
Different Gases | 


Curves R, S, and U of Fig. 3, for the large 
(175-liter) ion chamber containing hydrogen, 
nitrogen, and argon, are replotted in Fig. 7. 
When the size of the bursts of curve U is changed 
(proportionally to pq, as described in Section 3.4 
above) for comparison with curves R and S (see 
Tables I and III) as shown in broken lines, fairly 
good agreement is obtained for the cascade 
bursts only. The fragmentation bursts appear to 
be too large in nitrogen and much too large in 
hydrogen. 

To explain this discrepancy these small bursts 


‘were in 1936? ascribed to ionization pulses pro- 


duced by the chance superposition of several 
alpha-particles within the resolving time of the 
apparatus. The writer has, since that time, 
always been uneasy about this explanation 
because of the large numbers of natural alpha- 
particles required and because the small bursts 
concerned were so sharp and well distinguished 
from the rest of the recording. It will now be 
shown, in a preliminary manner, that the spacing 
and the steep slope characteristic of these curves 
can be derived on the assumption that they are 
produced by heavily ionizing particles from 
nuclear disintegrations. 
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Fic. 6. Effect-of replacing the steel wall of the large ion 
chamber with wood. 
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Fic. 7. Comparisons of integral size-frequency distributions 
in three gases in the large ion chamber. 


4. CALCULATIONS OF BURSTS OF IONIZATION 
FROM HEAVILY IONIZING PARTICLES 


4.1 General 


The calculation which follows is a modification 
of the calculation made by Euler.* Simple con- 
siderations show that the number of bursts pro- 
duced by disintegrations within the gas in the 
ionization chamber must be small in comparison 
with the bursts produced by long range particles 
from disintegrations in the walls. Euler sub- 
stituted a cube of side Z for the cylindrical ion 
chamber and considered single protons moving 
perpendicularly to the face of the cube. He then 
calculated the number N of bursts of size greater 
than P. 

The observed size of the bursts, i.e., the 
number of ion pairs produced by the proton in 
the gas of the chamber, is proportional to the 
energy P which is lost by the proton in passing 
through it. If the proton path ends in the gas, 
P=E, where E£ is the energy with which it enters 
from the chamber wall, but if the end of the path 
is lost in the opposite wall, P<E. P has a 
maximum value P,, for a particle which just 
reaches the opposite wall, because faster particles 
lose less energy in traversing the gas space. Cor- 
responding to P<P,, there are two possible 
values of the energy of entrance E: a lower value 


E, for a particle of residual range (R:) less than 
L, and an upper value £, for a particle of residual 
range (R2) greater than LZ where L is the equiva- 
lent air path between the two walls. Therefore, 
if a proton is observed as a burst larger than P 
its energy on entering the chamber is between EF, 
and E>». Accordingly, the number N of bursts 
greater than P is the number of protons for which 
E,<E<E). N can be found from the distribution 
function F(E)dE which represents the relative 
numbers of protons in different energy ranges 
measured in photographic emulsions. For this 
Euler used the experimental data of Wam- 
bacher.?* The result is shown in Fig. 8 (also 
containing much other interesting data) taken 
from Euler’s paper. 

It is not clear from Euler’s paper in what form 
he used the experimental data of Wambacher. 
The particles emerging from the wall of an ion 
chamber have, of course, an energy distribution 
different from that of the particles as they emerge 
from stars. The latter is the one given by Wam- 
bacher, and the former has been deduced from it 
by Bagge?® and given for protons in the form, 


F(E)dE = (n/4)(A +2BE) (ae-*/*+be-#/")dE, (3) 


where is the number of disintegrations per cc 
(of air equivalent medium) and A = 1.75, B=0.88, 
a=3.18, b=1.60, e=2.72 Mev, and n=17 Mev. 
Bagge compared this result with a direct mea- 
surement of the relative numbers of single proton 
tracks of different energies made by Widhalm.*° 
The two curves are far from similar, and that of 
Bagge has been chosen for the present calculation 
because the use of Widhalm’s distribution led to 
unacceptable results on account of the pro- 
nounced maximum around 12 Mev. 

The function (3) was integrated (with =1) 
to obtain the number of protons as a function of 
energy in the form, 


N= J F(E)dE, (4) 


where N is the number having energy >E. 

Representative values of N are given in Table V. 
Let us now consider the maximum sizes of 

bursts that single protons could produce in the 
28 H. Wambacher, Physik. Zeits. 39, 887 (1938). 


29 E, Bagge, Ann. d. Physik 39, 512 (1941). 
30 A. Widhalm, Zeits, f. Physik 115, 481 (1940), 
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ion chamber. Such protons would travel along 
the longest path in the collecting space and come 
to the end of their range just as they reached the 
other side. These maxima for the three gas 
fillings are shown by arrows in Fig. 7, and it is 
seen that they are too small, by a factor of more 
than 4, to account for the largest fragmentation 
bursts. The corresponding maxima for alpha- 
particles are also shown. They are slightly too 
small. It may therefore be assumed that the 
largest fragmentation bursts are produced by 
single alpha-particles accompanied by one or 
two protons, or that rather large numbers of 
simultaneous protons are involved. The steep 
slope of the curves makes the alpha-particle 
hypothesis the more attractive one. A calculation 
for alpha-particles follows in the next section, 
and so as to make the work more complete 
calculations are also made for the ion chambers 
used by Bridge and Rossi!* and by Kingshill 
and Lewis.'* 


4.2 Calculation of Bursts Caused by Single 
Particles from Stars{f 


As no experimental data on the energy 
spectrum of alpha-particles in stars has been 


published, we make the assumption that it is ’ 


the same as that observed for protons. Then the 
numbers of Table V apply also to alpha-particles, 
except that the absolute values are smaller 
because the ranges are shorter and because fewer 
are presumably emitted per disintegration. 

The range-energy relation for alpha-particles 
is approximated in the form 


R=kE*, (R(cm); 


where k=0.15 and »=1.8. 

If Z is the equivalent air path between the 
walls of the ion chamber, the two particle 
energies, E; and E», which give the same pulse 
size P as described above, are given by 


Ey =P =(Ri!")/(RY") 
=(R2/"—(R2—L)"")/(kM") (6) 


E(Mev)), (5) 


and 


E2=(Ro")/(RY”). (7) 


Hence the number N of particles with energy 


tt The writer thanks V. H. Rumsey of the Theoretical 
Branch of the Chalk River Laboratory, now at the Ohio 
State University, for generous help in setting up these 
calculations. ‘ 
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TaBLE V. Integral energy distribution of single protons 
in photographic emulsion according to Bagge. 











s F(E)dE 
Mev for 1 . Cer per cc 
150 0.3 
100 3.9 

90 6.5 

80 10.7 

70 17.2 

60 27.5 

50 42.8 

40 66.0 

30 98.6 

20 140.3 

15 163.5 

10 187.0 

5 210.3 
0 229.4 








between £, and £2, which is the number giving 
bursts of size greater than P, was obtained (from 
a plot of Table V) as a function of P for a given 
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Fic. 8. H. Euler, see reference 6. (Reproduced from Zeit- 
schrift fur Physik.) “Distribution of bursts in unshielded 
ion chambers. Abscissd: density of rays per m* (number NV 
of electrons which simultaneously strike the chamber, 
divided by the horizontal cross-sectional area). Ordinate: 
frequency of bursts per hour whose density is greater than 
that given by the abscissa. WW’W”: bursts by air showers 
of the primary electrons (theoretical). pp’: bursts caused 
by individual protons, whose ionization exceeds that of the 
number of electrons given by the abscissa (deduced for 
chambers with normal pressure, from Wambacher’s 
measurements). ("): for a large chamber of } sq.m of cross- 
sectional area. (’’): for a small chamber of 1/100 sq.m of 
cross-sectional area. C’C,’: measurement by Carmichael 


with a 175-liter chamber. C’’C,’": measurement by Car- 
michael and Chou with a 1-liter chamber. (For the extra- 
polation to a chamber with a zero ion-collection time: 
M,'M;,": ionization bursts of individual mesons. Z2’Z”: 
small sooo Oe air showers of the electrons that have 
arisen fron lecay of mesons in the lower atmosphere.)” 
(Translated from the German—see reference 6.) 
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TABLE VI. Integral distribution of paths in three ion 
chambers with total numbers equal to the wall areas in 
sq. cm. 








Kingshill Bridge 

Ion and and 
chamber Lewis, Rossi, 

D, path Integral path Integral path 
number length number length 

cm of paths cm of paths cm 


35.2 0 51.0 
34.9 100 45.0 
34.2 300 31.0 
33.5 500 27.0 
32.7 700 24.8 
31.9 900 23.2 
30.4 1250 21.2 
27.9 1750 19.4 
23.4 2500 
15.5 3500 
0.0 3850 


Integral 
number 
of paths 
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value of L. This was done for several values of L 
throughout the complete range of the air equiv- 
alent path L found in the various ion chambers. 
Since at this stage we are not interested in ab- 
solute values but only in the shape of these 
curves for different L, all the curves were now 
scaled to a total (NVo=/o*F(E)dE) of 100 par- 
ticles of all energies, and P was expressed as a 
percentage of its maximum value for each value 
of L. The curves for different ZL are very similar 
in shape, a fact which partly accounts for the 
parallelism of the steep parts of the curves R, 
S, and U of Fig. 7. Three of the curves are 
reproduced in Fig. 9 (for L=20, 50, and 150 cm). 
They correspond to the proton curves for values 
of Z about 10 times as large (as found in the 
small ion chamber, see Section 5.4). 

So far we have been concerned with the 
number N of bursts of size greater than P 
produced in an air gap of thickness L by a total 
number Np of particles having energy distribu- 
tion F(Z)dE emerging perpendicularly from one 
wall of the air gap. We now take account of the 
actual geometrical shapes of the various ion 
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chambers, considering them to be irradiated by 
particles which emerge in all directions from the 
wall. The wall will be assumed to be thick com- 
pared with the ranges of the particles. 

It is evident, because the nuclear disintegra- 
tions are distributed uniformly throughout the 
material of the wall, that the energy distribution 
of the emerging particles will be independent of 
the angle with the normal to the wall at which 
they emerge, and that the number emerging from 
given area into a small solid angle in any par- 
ticular direction making angle @ with the normal 
will be proportional to cos@ (Knudsen’s law). 

We may regard, therefore, the inner surface 
of the ion-chamber wall as a uniformly dis- 
tributed source such that the density of paths 
per unit solid angle per unit area of wall in any 
particular direction is to be proportional to the 
cosine of the angle with the normal to the 
surface from which the paths originate. We are 
required to know the total number of such paths 
inside the ion chamber, with lengths between L 
and L+dL. Though this problem is easy for a 
sphere, it appears tedious for a short cylinder. A 
simple mechanical apparatus was therefore con- 
structed which enabled the required distribution 
to be obtained very rapidly by direct measure- 
ment, using scale*models of the various ion 
chambers. 
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Fic. 9. Calculated bursts, caused by alpha-particles with 
a Bagge energy distribution directed normal to the walls 
of a parallel plate ion chamber. 
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The number of paths of length greater than L 
in.the ion chambers of Bridge and Rossi, Kings- 
hill and Lewis, and the writer, assuming in each 
case the total number of paths to be equal to the 
wall area of the ion chamber in square centi- 
meters, is given in Table VI. 

The equivalent air path L’ for each gas and 
pressure was next found by the relation L’ = psL, 
where # is the pressure in atmos. and s is the 
stopping power of the gas relative to air (see 
Tables I, III and IV) and substituted for the 
path lengths in Table VI. 

Now for each value of L’ the energy P» of an 
alpha-particle of that range was substituted. 
Then, by means.of Fig. 9, the number 6N of 
paths appropriate to each value of P,, was re- 
placed by an equal number of bursts with a 
distribution in size suitable for the corresponding 
value of L’. Finally the size of P of the bursts was 
converted into the number of ion pairs appro- 
priate for the various gases (Table III). The 
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Fic. 10. Calculated bursts in various ion chambers caused 
by cosmic-ray induced alpha-particles. 
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Fic. 11. Comparison of calculated alpha-particle bursts 
with experiment. 


resulting five curves for the bursts from single 
alpha-particles, plotted on logarithmic scales, are 
given in Fig. 10. The curves for the bursts caused 
by single protons are of approximately the same 
shape as these, with the size of the bursts reduced 
by a factor four. It may be noted that the curve 
calculated for the long cylindrical ion chamber of 
Bridge and Rossi is not so steep as the other 
curves. Their measurements (see Fig. 5) show a 
similar characteristic. 


4.3 Comparison with Experiment 


In Fig. 11 the calculated curves of Fig. 10 are 
shown fitted both as regards frequency and size 
to the steep parts of the experimental curves R, 
S, and U and to the experimental curve of 
Bridge and Rossi (i.e., the relative positions of 
the calculated curves have not been changed). It 
does not seem to be possible to obtain at the 
same time agreement with the measurements of 
Kingshill and Lewis. With the superposition used 
in Fig. 11 the bursts calculated for the Kingshill 
and Lewis ion chamber are almost exactly twice 
as large as those observed. If, in fact, Kingshill 
and Lewis have underestimated the real size of 
their bursts, the uncertainties about possible 
confusion with natural alpha-particles, already 
discussed above, would disappear; but it must 
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Fic. 12. Showing how the alpha-particle bursts are 
probably on the average somewhat increased in size by one 
or two long range protons coming from the same disin- 


tegration. 


also be noted that their ion chamber had an 
extremely thin wall (see Table IV). 

With the superposition shown in Fig. 11, the 
rate of occurrence of bursts is determined chiefly 
by the curve of Bridge and Rossi, but it is note- 
worthy that this brings the end point of the 
calculated curve U directly beneath the kink in 
the experimental curve. There is ideally a small 
step at the kink corresponding to the length of 
the cylindrical ion chamber. In other ion chamber 
configurations (e.g., a sphere) such discontinu- 
ities might be much more pronounced. 

The calculated curves fit the experimental 
curves S and U for argon and nitrogen remark- 
ably well as regards their relative spacing and 
their slope. There is a 10 percent discrepancy of 
relative size in the case of the hydrogen curve R. 

The fact that the observed bursts in hydrogen 
are not smaller in size than is calculated in this 
way is evidence that few of these bursts appear 
to originate directly from nuclear disintegrations 
in the gas in the ion chamber (because no disin- 
tegrations would occur in hydrogen). Some part 
of the 10 percent excessive size observed in 
hydrogen can be attributed to the heavier gases 
usually present as impurities in commercial 
hydrogen. Another part should be attributed to 
proton recoils produced by the fast neutrons of 
the nuclear disintegrations, but this is estimated 

‘to be rather small. However, there is some 
(rather unreliable) experimental evidence in Fig. 
6 that a similar discrepancy exists when the ion 
chamber has a wooden (hydrogenous) wall. 

To obtain the fit shown-in Fig. 11 it was 
necessary to increase the size of all the calculated 
bursts by a factor 1.40 which would appear to 
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be well above experimental error. It is possible 
that particles of larger mass or charge than 
alpha-particles are involved, but it seems to be 
more probable that this discrepancy is due to 
the protons which must be expected to accom- 
pany these single alpha-particles. The protons 
from a nuclear disintegration may be more 
numerous and of longer range (by a factor 10) 
than the alpha-particles, and so it is probable 
that many of the alpha-particles crossing the 
ion chamber are accompanied by two or more 
protons which may increase the observed ioniza- 
tion bursts by about 40 percent. An illustration 
of what is meant is given in Fig. 12. Thus the 
curves calculated for alpha-particles, as fitted to 
the experimental curves in Fig. 11,-represent the 
number of those alpha-particles in the ion 
chamber which are accompanied by about this 
amount of proton ionization and do not neces- 
sarily represent all the alpha-particles which may 
be entering the ion chamber from nuclear disin- 
tegrations. With this reservation we can deduce, 
by comparison of the vertical scales of Figs. 10 
and 11, that the number of these alpha-particles 
emerging from an iron surface at sea level is 


No=1.77 X10~ per sq. cm. per day. 


As a result of introducing the actual geo- 
metrical shape of tle ion chamber, these calcu- 
lations have provided a somewhat longer steep 
slope than was obtained by Euler, but they then 
depart from the experimental curves rather 
suddenly. It may be that the distribution func- 
tion, Eq. (3), as Bagge has already suggested, 
should have included very many more short- 
range particles. Some allowance also may be 
made for inaccuracy of the experimental ob- 
servations in that a large number of spurious 
fluctuations have probably been included as 
bursts in this region. The remainder of these 
smaller bursts may possibly be ascribed to 
groups of protons, but there seems to be definite 
discrepancies here with the observations made 
with the small ion chamber now to be discussed. 


5. DISCUSSION: HIGH PRESSURE DATA 
5.1 General 


As already mentioned above, there is a possi- 
bility of distinguishing between heavily ionizing 
and thinly ionizing particles in ion chambers at 
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high pressures because columnar recombination 
depends upon the gas, the pressure, and the line 
density of the ionization. The measurements 
made with the small ion chamber in argon at 82 
atmos. (curves (V+) and (O+Q)) and in nitro- 
gen at 60 atmos. (curves L and M, Fig. 3) are 
convenient for a preliminary study of these 
effects. The discussion in Section 5.3 will show 
that in argon columnar recombination is negli- 
gibly small with the field strength used (460 
v/cm), even at 82 atmos., for the thinly ionizing 
electrons of the cascade showers. This fact will 
be used in the following section for making an 
empirical analysis of the argon curves into 
separate components. 


5.2 Analysis of Distribution Curves 


Referring to curve (V+) in Fig. 13, for the 
unshielded ion chamber, evidently there is a 
very steep component which has provisionally 
been labeled ‘“‘protons, unshielded.’’ With the 
small chamber there was no anxiety over the 
reality of these small bursts because they were 
very clearly distinguishable from fluctuations of 
the background. : 

It is reasonable to include next a component 
representing the large air cascades, and this was 
taken over directly from the measurements made 
in the same site with argon in the large ion 
chamber. The size of the bursts was changed, as 
already described in Section 3.4; and recom- 
bination was assumed to be negligible. This com- 
ponent is labeled ‘‘cascade, unshielded.” 

There is now room for a third component, very 
similar in shape to the curves calculated above 
for alpha-particles, provisionally labeled ‘“‘frag- 
mentation alphas.” By addition of these three 
components the curve (V+) is reproduced as 
shown by the full line through the experimental 
points. 

Referring now to curve (O+Q) in Fig. 13, 
obtained with about 2 cm of lead above the ion 
chamber, it is reasonable first to increase the 
size of the cascade bursts by a factor appropriate 
for this thickness of lead. Best fit is found using 
a factor 3, which does not seem to be unreason- 
able. Montgomery found, experimentally, 1.88 
for 1 cm of lead.'® This component is labeled 
‘cascade, lead.” . 

It seems not to be possible to reproduce the 
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curve measured under lead without also making, 
as shown, a substantial change to the steep curve 
labeled ‘‘protons, unshielded.”” The curve marked 
“protons, lead” was substituted. The experi- 
mental accuracy is not sufficient to decide if a 
change should also be made in the ‘fragmentation 
alphas” under lead. 

An anomalous slope for the largest bursts 
under lead very similar to that found with the 
large ion chamber is indicated. 

It appears that no data has been published 
which can be used to corroborate the analysis 
just given. Before further discussion of these 
bursts in high pressure gases, it will be necessary 
to discuss columnar recombination. 


5.3 Columnar Recombination 


A good historical summary with references, of 
the attempts that have been made to develop a 
theory of recombination in gases at high pres- 
sures, has been given by Broxon and Meredith. 

The theory of columnar recombination derived 
by Jaffe in 191319 is generally accepted as fairly 
reliable for the alpha-particles from radioactive 
substances, in gases such as air, carbon dioxide, 
etc., within a moderate range of pressures, up to 
about 10 atmos., in which measurements have 
been made. The theory uses the average value 
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Fic. 13. Analysis of size-frequency distributions in the 
small ion chamber. 


J. W. Broxon and G. T. Meredith, Phys. Rev. 54, 9 
(1938). (It is important to study this paper in conjunction 
with a correction made on page 605 of the same volume of 
Phys. Rev.) 
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of the mobilities of the positive and negative 
ions, and so its application to gases such as pure 
argon, where it is known that most of the nega- 
tive ions are electrons with mobility of the order 
1000 times that of the positive ions, is probably 
unjustified. This has been pointed out by Klema 
and Barschall.” Difficulties also appear with 
more thinly ionizing particles and electrons. The 
theory has been applied to gamma-ray ionization 
up to pressures of the order of 100 atmos. by 
Clay,* Lea,*4 Broxon,*! and others. This led to a 
controversy between Clay** and Lea** over the 
merits of a rival ‘‘cluster’’ theory, developed by 
the latter for ionization produced by gamma- 
radiation. Here we shall make only formal use of 
the Jaffe theory to calculate short extrapolations 
of experimental data for nitrogen and for argon. 


0.4 


f(20) 





6 7 89 


ele, 2 [aS 


Fic. 14. Extension of the Zanstra curve (see reference 37) 
from x=10 to x= 1000. Thus for x= 160, f(x) = 


( Sanh. D. Klema and H. H. Barschall, Phys. Rev. 63, 18 
1943 
nS Clay, Phys. Rev. 52, 143 (1937). 
D. E. , Proc. Camb. Phil. Soc. 30, 80 (1940). 
sy. Clay and M. Kwieser, Physica 7, 721 (1940). 
36 E, Kara-Michailova and D. E. Lea, Proc. Camb. Phil. 
Soc. 36, 101 (1940). 
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The Jaffe formula can be written, 


1/c=1+¢f(x), (8) 


where c is the fraction of the ions in the column 
which escapes recombination and is collected. 
The function f(x) has been given graphically 
by Zanstra*’ for values of x from 10-* to 12. This 
range of values has been extended}{f in Fig. 14 
to x =1000 to cover our needs in this paper. 
The variables g and x are functions of the fol- 
lowing: No=the initial line density of ions in a 
column, a=the recombination coefficient of the 
ions, D=the diffusion coefficient of the ions, 
u=the mobility of the ions, assumed the same 
for both kinds, ¢=the angle between the column 
axis and the collecting field, E=the intensity of 
the collecting field, and )=a parameter propor- 
tional to the initial ‘‘radius’”’ of the cylindrical 
column. We may assume that No, a, D, u, and 
b are either proportional or inversely proportional 
to the pressure p in the range over which we wish 


to extrapolate. Then, 
q=(a'/8xD’)No'p (9) 


(10) 


and 
x = (b'/p)?(u’/2D’)°E? sin’, 


where a’, etc., are the appropriate (but not neces- 
sarily the actual) values at a qeeneine of one 
atmos. 

Numerical values for the constants a’, D’, 
and u’ may now be inserted. However, a’ and D’ 
are both proportional to wu’ as follows: 


a’ = 8reu =8 X3.14X4.8 X 107" XK 300p’ 
= 3.6 X 10-38 
and 


D’ =0.0236w’ (for u’ in cm/sec./volt/cm).*® 


These relations can be checked by means of the 
value of a’p measured by Lea** in an ion chamber 
filled with nitrogen. Lea found a’p =5.7 X10-° in 
the pressure range 20 to 90 atmos. Hence, 
u’ =5.7/3.6=1.6 sec. volt, which is close to 
the accepted value for nitrogen, and D’ =0.0236 
X 1.6 =0.038, instead of the 0.035 usually quoted. 


37H, Zanstra, Physica 2, 817 (1935). 

ttt By the Theoretical Branch of the N.R.C. Chalk 
River Laboratory. 

38 J. D.. Cobine, Gaseous Conductors pga Book 
Company, Inc., New York, 1941), p 
mL. B. Loeb, Kinetic Theory of Gens (McGraw-Hill 
Book Company, Inc., New York, 1934), p. 555. 
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Equations (9) and (10), therefore, become 
g=6.1X10-*Ny'p (11) 


(12) 


and 
x =2.24X10?(b'/p) EF sin*¢ 


for p in atmos. and £ in volts per cm. The 
arbitrary parameter b’ remains to be adjusted; 
b’ should be dependent only on the nature of 
the gas. 

No measurements of recombination appear to 
have been made with heavily ionizing particles 
at the high pressures used in the small ion 
chamber. Commercial nitrogen, however, has 
recently been carefully studied up to 41 atmos. 
by Dick, Falk-Variant, and Rossel.*® They offer 
no data for argon. For argon we can use some 
unpublished data at 20 atmos. obtained in this 
laboratory by Craig“ with commercial oxygen- 
free argon similar to that with which the small 
ion chambers were filled. Craig also studied com- 
mercial nitrogen at 20 atmos. 

From Dick, Falk-Variant, and Rossel the 
fraction of the total number of ion pairs produced 
by ThC alpha-particles, collected by a field of 
7550 volts per cm at 41 atmos. in nitrogen, was 
0.32. Using the averages sin’@=0.5 and No’ =3.7 
104 in Eqs. (8), (11), and (12), we find b’=1.9 
X10-* cm. The nitrogen data of Craig at 20 
atmos., for the short-range alpha- and lithium 
particles of the boron disintegration, leads to a 
slightly higher value of b’. We therefore take 
b’ =2.0X10-* cm for commercial nitrogen (con- 
taining 0.5 to 1.0 percent of oxygen). 

In argon, with 200 volts per cm, Craig found, 
for the boron disintegration particles, 72 percent 
collection at 20 atmos. Hence (No’ =8.7 X10‘) 
b’=0.2 cm for commercial oxygen-free argon. 

With these values of 6’ the calculated per- 
centages of ions collected in the small ion cham- 
ber (field 460 volts per cm), for both protons and 
alpha-particles in nitrogen and argon at various 
energies between the end of the range and mini- 
mum ionization, are given in Table VII. It can 
be seen that the amount of recombination found 
for argon is almost negligible except for alpha- 
particles of comparatively low energy, and so 
use of the exceptionally large value of 0b’ in 

40. Dick, P. Falk-Variant, and J. Rossel, Helv. Phys. 
Acta 22, 357, 362 (1947). 


41D. S, Craig (1947) N.R.C. Chalk River Laboratory, 
unpublished. 
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_ TasLe VII. Fractions C of ions collected in the small 
ion chamber in nitrogen and argon for protons and alpha- 
particles of specified energies. 








C in nitrogen C in argon, 





Energy No in standard air 61 atmos. 82 atmos. 
Mev proton alpha proton alpha proton alpha 
0.5 140X104 5.6X10* 0.054 0.015 0.68 0.35 
1.5 6.16108 2.46 0.12 0.027 0.83 0.55 
3 3.85 1.54 0.18 0.05 0.88 0.66 
6 2.25 9.0X10® 0.27 0.08 0.93 0.77 
10 1.47 5.9 0.36 0.12 0.95 0.84 
30 6.17 X10? 2.47 0.57 0.25 0.98 0.92 
70 3.19 1.27 0.72 0.39 0.99 0.96 
200 1.48 5.9X10? 0.84 0.58 1.00 0.98 
600 8.43 X10? 3.37 0.91 0.71 1.00 0.99 
1000 7.31 2.92 0.92 0.74” 1.00 0.99 








argon, which was called for by the Jaffe theory, 
need cause no misgivings. 


5.4 Comparison in Two Gases at High Pressure 


Equipped with the data of Table VII it is 
possible to predict the sizes of the ionization 
bursts to be expected for both the argon and 
nitrogen fillings for any kind of ionizing particles. 
Hence number-size relations can be calculated 
for single mesons, protons, or alpha-particles by 
the method of Section 4. 


(a) Mesons 


Although the pulses produced by single high 
energy mesons are not observable in the small 
ion chamber, it is of interest to calculate their 
distribution curves for the nitrogen and the argon 
fillings. A calculation was based on the approxi- 
mate distribution of straight paths given in 
Table VIII. This was derived from the distribu- 
tion measured for the large ion chamber, Table 
VI, making an allowance for the obstruction of 
the large central electrode of the small ion 
chamber. It was assumed that each meson 
produced a uniform line density of ion pairs cor- 
responding to an energy loss of 1.825 Mev per 
g per cm**5 in air (68 ion pairs/cm in air) and 
that the flux af mesons at sea level (including also 
the single electrons) was 1.0 per sq. cm. per 
minute. The ion chamber was considered to have 
an effective horizontal area of 120 sq. cm. Col- 
lection of the ions was takén to be 100 percent 
in argon and 92 percent in nitrogen (Table VII). 
The resulting curves, which correspond to the 
single point My”, of Euler in Fig. 8 are shown in 
the top left-hand corner of Fig. 15. 
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TABLE VIII. Integral distribution of paths in the small 
ion chamber with total number equal to the wall area in 
sq. cm. 











Integral number of paths Path length, cm 
5 20 
25 18 
125 13 
325 10 
825 5 








The distribution curves for single mesons and 
electrons as plotted in Fig. 15 are strongly curved. 
Inclusion of the larger pulses to be expected from 
more heavily ionizing electrons of high energy 
and from slow mesons will tend to swing the 
lower ends to the right. However, from the data 
of Sands® it appears that only about 10 mesons 
per hour will stop in the chamber, and so the 
bursts from single slow mesons, although some 
are of measurable size, are unimportant in com- 
parison with the number of small bursts ob- 
served. 

(b) Protons 


The small ion chamber with argon has a 
maximum path equivalent to about 1600 cm of 
air, or 2.0 g/cm*. A proton of this range has 
energy 44 Mev and so, assuming recombination 
negligible (Table VII), will produce a burst of 
1.7X10° ion pairs. This burst size is marked 
Pasn* in' Fig. 15. 

For the nitrogen filling the maximum path in 
the ion chamber is equivalent to about 1200 cm 
of air. To find the number of ion pairs collected 
in the ion chamber for a proton of this range, an 
“ion-pairs—range”’ relation (analogous to the 
energy—range relation) was deduced by graphical 
integration from the data of Table VII. In this 
the number of ion pairs was the total that would 
be collected over the range after allowing for 
columnar recombination. Hence the burst size 
for a 1200-cm proton with the nitrogen filling is 
4.8105 ion pairs. This is marked Pmex%? in 
Fig. 15. 

The maximum proton burst in argon is 3.5 
times as large as the maximum proton burst in 
nitrogen, and this ratio is the same as that of the 
observed bursts of the steep branches and is 1.75 
times that calculated for thinly ionizing particles. 
The absolute sizes also are in fair agreement. 


“M. Sands, Washington Meeting (1948), Section 8. 
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These steep branches of small bursts in the 
small ion chambers are therefore provisionally 
identified as produced mainly by single protons. 

It is now desirable to assume an energy dis- 
tribution or spectrum for these protons and from 
it calculate the distribution of burst sizes for 
both the argon and nitrogen fillings for a more 
thorough comparison with experiment. This was 
first done on the assumption that the protons 
had the Bagge energy distribution (Eq. (3)). The 
distribution of paths in the ion chamber given 
in Table VIII was used. In argon, where recom- 
bination could be neglected, the calculation was 
very similar to that already outlined in Section 
4.2. In nitrogen, where bursts produced by 
protons stopping in the ion chamber have recom- 
bination different from bursts of the same size 
produced by protons passing out of the ion 
chamber, the calculation was more complicated 
and only an approximate result was obtained. 
The resulting curves, fitted as regards frequency 
to the observed curves, are labeled ‘Bagge 
protons” in Fig. 15. The relative spacing of the 
calculated curves fits that of the observed curves 
very well, and the slope is moderately well repre- 
sented for the larger bursts. The number of 
protons of all ranges (in isotropic Bagge distribu- 
tion) from an aluminum surface at sea level, cor- 
responding to the fit*of the calculated curves of 
Fig. 15, is 


0.67 per sq. cm per day. 


The calculation conspicuously fails to provide a 
sufficient number of small bursts. The deviation 
is sudden and very similar to that already found 
for alpha-particles in the large ion chamber. It 
should be noted again here that Bagge himself 
has stated, on the basis of a comparison with the 
photographic data of Widhalm, that protons of 
short range appear to be more numerous than 
given by Eq. (3). 

Larger numbers of small bursts can be ob- 
tained from protons in another way. It has been 
stated® that most of the ‘positive excess’’ of 
high energy cosmic-ray particles may consist of 
protons. To see what the distributions of bursts 
from such protons would look like, we may 
assume that the distribution function F(R) of 


# Adams, Anderson, Lloyd, Rau, and Saxena, Rev. Mod. 
Phys. 20, 334 (1948). 
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those which have begun to ionize heavily is extensive and reliable experimental data has 
uniform in range, i.e., been obtained.{ 


F(R)dR=W¢R, (W=constant). (13) (c) Alpha-Particles 


The resulting calculated curves, fitted as regards Referring again to Fig. 13 and the component 
frequency to the experimental curves, are labeled labeled “fragmentation alphas,” if it is assumed 
“positive excess protons” in Fig. 15. The fit that these emerge from the aluminum wall with 
appears to be less staisfactory than would be 4 Bagge distribution, the rate of occurrence is 
obtainable with a modified Bagge distribution {ve times less (3.010-*/sq. cm/day) than that 
because the smaller bursts in this case are pro- foynd for steel in the large ion chamber. But in 
duced mainly by protons of high energy and are the case of the small ion chamber, alpha-particles 
not of . sufficiently different size in nitrogen and and protons from stars originating in the gas 
argon. Nevertheless, protons of higher energy must also be important (unless stars tend to 
than given by the Bagge distribution have been occur preferentially in dense matter). Failure to 
found at sea level by Shutt*‘ in about adequate _ resolve this discrepancy underlines the need for 
numbers. It is evident that speculations of this better experimental data. 





kind will not be conclusive until much more Run L with nitrogen was not of sufficient dura- 
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Fic. 15. Calculated bursts 
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“P. R. Shutt, Phys. Rev. 69, 261, 272 (1946). : : : 
t Experimenters are recommended to use for this work ion chambers of spherical shape because a large fraction of 
the paths in a sphere are nearly equal in length to the maximum path length. 
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tion to establish the less steep branch accurately, 
but the data that was obtained is not inconsistent 
with the assumption that the less steep branch 
in nitrogen consists chiefly of cascades, as indi- 
cated in Fig. 15. It follows that the “alpha’’- 
component has been considerably suppressed by 
recombination in nitrogen (see Table VII), which 
is consistent with the conjecture that it is proba- 
bly produced by protons and alpha-particles of 
short range. 


(d) Showers 


It must be emphasized that the above analysis 
of these measurements is highly speculative and 
that bursts due to other effects are certainly 
superposed. For example, in Fig. 15 the early 
data of Anderson*® on the relative mumbers of 
single, double, etc., tracks found in random 
cloud-chamber expansions are plotted in com- 
parison with the argon curve N. This data 
indicates that small showers are present which 
are very much more frequent than the extensive 
air cascades. This comparison was the basis of 
our previous opinion,‘ that the steep branches 
were composed entirely of showers and. the 
numbers of particles in the showers, given within 
the circled points in Fig. 15, are the same as 
previously estimated.‘ It will be noted that the 
data now include showers of only 4 rays. Clay*® 
thinks that the extensive showers have pro- 
nounced local concentrations of rays. Euler® also 
(Fig. 8, curve W’’) has provided a steep branch 
of cascade showers resulting from fluctuations of 
density in the air cascades. 

Finally, the component in Fig. 13 which has 


“ Andreson, Millikan, Neddermeyer, and Pickering, 
Phys. Rev. 45, 352 (1934). 
46 J. Clay, Physica 11, 311 (1945). 
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been provisionally labeled ‘‘protons, lead’’ must 
be discussed. It seems probable that this com- 
ponent is composed mainly of cascade showers. 
The evidence for this comes from the air-lead 
transition curve for bursts larger than 10® ion 
pairs measured by Chou (see Fig. 3 of the 
adjoining paper). This curve is a typical Rossi 
transition curve with maximum at 2 cm of lead. 
It should therefore probably be concluded for the 
present that most of the difference between 
‘‘protons, unshielded”’ and ‘‘protons, lead’’ is due 
to small cascades from the lead, and these then 
may be added to the ‘‘cascades, lead’’ component 
to give a resultant curve very similar in shape 
to the curve WW” of Euler in Fig. 8. 
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A series of experiments on cosmic-ray air showers is 
described. Four “‘fast’’ ionization chambers, with electronic 
coincidence and photographic recording of pulse height, 
were used to investigate the structure of these showers in 
detail, at mountain altitudes. The experiments show that 
the showers have the structure characteristic of electron 
cascades, There is no evidence for unusually narrow 
showers. If the showers originate from the decay of neutral 
mesons, these mesons must be produced either singly, or 
in groups whose total angular divergence is not greater 
than ~10~ radian. 

The frequency of occurrence of showers which have 
particle density greater than p-particles per square meter 
at the point of observation is shown to be 1.05(460/p)!-5 


hr.!, 300<p<2000 particles/m’, at 3050-m elevation. 
This frequency is also given for two points of observation 
with various distances separating them. Data on the 
angular distribution of the showers at 3050 m and the 
altitude variation between 3050 m and 4300 m are pre- 
sented. The results of some theoretical calculations on 
altitude and angular variation are given, but they are not 
sufficiently accurate to indicate clearly the nature of the 
primary event which causes these showers. Absolute rates 
for the number of showers of a certain size, and for the 
number of primary events, are presented. 

Twenty-seven showers of more than 10'*-ev total energy 
were recorded. 





I. INTRODUCTION 


ARGE cosmic-ray showers, often called 
“Auger showers’ or “extensive showers,”’ 
were discovered by Geiger-tube coincidence 
methods.'? They have also been investigated 
with cloud chambers*‘* and ionization cham- 
bers.5-7 Most of the Geiger-tube experiments 
seem to be in general agreement with the cascade 
theory of multiplication of high energy electrons 
and photons.**-” The relation between theory 
and experiment is somewhat indirect, however; 
all Geiger-tube counting rates are averages over 
the local particle-density spectrum, which itself 
is an integral over space and over an assumed 
“primary” electron spectrum. 
The ionization chamber has the advantage of 
making a direct measurement of the particle 
density in each shower. The experiments of 


1P,. Auger, R. Maze, and T. Grivet-Meyer, Comptes 
rendus 206, 1721 (1938). 
1938) Schmeiser and W. Bothe, Ann. d. Physik 32, 161 
3 P. Auger, R. Maze, P. Ehrenfest, and A. Freon, J. de 
Phys. et rad. 1, 39 (1939). 
. Daudin, I. de Phys. et rad. 7, 302 (1945). 
. Lewis, Phys. Rev. 67, 228 (1945). 
ok Lapp, Phys. Rev. 69, 321 (1946). 
7TK.L. Ringshill and L. Lewis, ioe Rev. 69, 159 (1946). 
8 N. Hilberry, Phys. Rev. 60, 1 (1941). 
9G. Cocconi, A werdo, and V. Tongiori, Phys. Rev. 
70, 846 (1946). 
10H. Kraybill and P. Ovrebo, rage oo 72, 351 (1947). 
11 G. Moliere, Cosmic Radiation, ed by W. Heisenberg 
(Dover Publications, New York, 1946), h. 3 
12H. W. Lewis, Phys. Rev. 73, 1341 (1948). 


Lewis,*7 using coincidence between two low pres- 
sure ionization chambers, have been interpreted 
as showing complete disagreement with the cas- 
cade theory,” and the question has been raised 
whether the large air showers have an entirely 
different structure." 

Recent advances in experimental technique 
have made it possible to use pulse ionization 
chambers with quantitative electron collection 
as instruments of high sensitivity and micro- 
second time resolution.!® The present experi- 
ments make use of the new techniques to investi- 
gate in greater detail the structure of these air 
showers. In particular it proved feasible, by the 
simultaneous use of four pulse ionization cham- 
bers, to obtain direct information on the structure 
of an individual shower. 


II. METHOD AND APPARATUS 


A recent publication of this laboratory,'* here- 
after referred to as BHRW, describes the ioniza- 


BL, Wolfenstein, Phys. Rev. 67, 238 (1945). 

14 Evidence has also been found, by counter experiments, 
for non-cascade radiation (penetrating particles) associ- 
ated with air showers, but the number of these particles 
constitutes a very small fraction of the total number of 
shower particles, and some may be nerated locally in 
the absorber. Cf. G. Cocconi and K. Greisen, Phys. Rev. 
74, 62 (1948). 

18 Cf. B. Rossi and H. S. Staub, Ionization Chambers and 
Counters, Vol. 2 of the Los Alamos Technical Series, in 

rint. 

16H. S. Bridge, W. E. Hazen, B. Rossi, and R. W. 
Williams, Phys. Rev. 74, 1083 (1948). 
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tion chambers and auxiliary apparatus used by 
us, and discusses the application of ionization 
chambers to cosmic-ray measurements. Therefore, 
we shall describe only the main points of the 
method here, referring the reader to that paper 
for details. 


1. Theory of the Ionization Chamber 


_ An ionization chamber gives a signal which is 
directly related to the number of ion-pairs 
created in it. It is particularly appropriate for 
studying the particle density of showers of high 
energy particles, for this reason: the energy loss 
by collision which is experienced by a particle 
of electronic charge in matter is nearly a function 
of velocity alone.!? The number of ion-pairs 
created, per unit path length, is approximately 
proportional to the energy loss (and different for 
different materials). Therefore, a relativistic par- 
ticle (velocity nearly c) will have a specific 
ionization almost independent of its mass and 
energy. Let this average specific ionization be j 
ion-pairs per gram per square centimeter, in the 
gas of the ionization chamber. If the ionization 
chamber is traversed by a shower whose particle 
density at any point is p particles per square 
centimeter, the number of ion-pairs created in 
the chamber is 


N=j8 J old, 


where S is the area of the chamber perpendicular 
to the shower direction, / the length of path 
which a shower particle has in the chamber, and 6 
the density of the gas. If p is nearly constant 
over the area of the chamber, we obtain the 
relation N =jévp (where v is the chamber volume) 
which shows that the ionization chamber signal 
is a direct measure of the particle density in the 
shower. 

The relation between the number of ion-pairs 
N which is released in the ionization chamber and 
the resulting change in potential difference of 
the electrodes is discussed in BHRW. (It should 
be noted that we are not interested in the average 
ionization current, but only in the sudden bursts 
of ionization, and resulting voltage pulses, con- 
nected with specific events.) In the chambers 


7B. Rossi and K. Greisen, Rev. Mod, Phys. 13, 240 
(1941). 
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used, the negative ions are electrons which are 
all collected within 7X10-® second, and the 
output of the fast amplifiers is essentially pro- 
portional to the change in potential caused by 
the motion of the electrons alone. In a cylindrical 
ionization chamber with (positive) inner elec- 
trode of radius a and outer electrode of radius 3, 
this change in potential is a fraction f=/n(r/a)/ 
In(b/a) of the change caused by collecting the 
whole charge, if the electron is released at 
distance r from the axis. We may assume that 
the showers to be observed will leave an approxi- 
mately uniform density of ionization in the 
chamber, so we find upon integrating the above 
expression over the chamber volume that the 
fraction of total potential change caused by 
electron motion is 


f=0?/(b —a’) —1/(2In(b/a)). 


2. Calibration of Ionization Chambers 


The ionization chambers used in this work are 
described in detail in BHRW. They were cylin- 
drical, with outer electrode 7.45 cm, inner elec- 
trode 0.0635 cm, and active length 53 cm; they 
were filled with five atmospheres of specially 
purified argon. A thin source of polonium alpha- 
particles was permanently installed at the inside 
surface of the outer electrode. 

The charge released by a polonium alpha- 
particle is 5.3 10%/Wo, where W, is the average 
energy to produce an ion pair. The fraction of 
change in potential due to electron motion is 
unity in this case, because the entire charge is 
released very close to the wall of the ionization 
chamber. In Section 1, it was shown that the 
charge induced, when a shower of particle- 
density p strikes the ionization chamber, is 
Ne=jévpe; the fraction of the corresponding 
change in potential which is due to electron 
motion is f. Thus if V is the change of potential 
due to a shower of particle-density p, and Vz is 
the change in potential caused by an alpha- 
particle, 


p=5.3X10°V/fj Web Vo. 


One correction is necessary. The brass walls of 
the ionization chamber, though only 0.7 g cm 
thick, will change the density of shower particles 
slightly, mainly by materialization of photons. 
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Bethe!® has calculated the effect for a thin wall, 
and finds multiplication by a factor 


14+2(1—7.2/Z)t/Xo, 


where ¢ is the thickness, Z is the atomic number, 
and Xo the “‘radiation length’’ of cascade theory. 
For brass, Z=29.2, X9=13.3 g cm’, so the 
multiplication would be 1.08 for our chamber, 
except that rays off the axis of the chamber see a 
greater thickness of material. This means that 
tettective is greater than ¢; the factor proves to be 
4/m if all the ions are collected. Electron collec- 
tion complicates the matter, but an upper limit 
can be shown to be 7/2. We take an intermediate 
value of 1.5, which makes the final multiplication 


factor 1.12. (Most showers prove to be nearly - 


vertical at the altitude of these experiments, so 
the variation of t.¢¢ because of inclination of the 
shower along the cylinder axis is ignored.) 

The product j7Wo is just the average energy 
loss of a shower particle in one gram per square 
centimeter of the ionization chamber gas. If the 
chamber were filled with air, the value of the 
energy loss would be that used by the cascade 
theory. Since we have argon, but with particles 
of energy distribution corresponding to air, we 
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use the energy loss in argon of an electron of 
108 ev, the average energy of cascade electrons in 
air.!® This is!’ 7W»)=2.1X10° ev g—! cm’. For our 
chambers f = 0.90, d=0.0083 g cm, v= 2320 cm’, 
and it is convenient to measure V in terms of V., 
a calibration voltage pulse applied to the high- 
voltage electrode (cf. BHRW). We find that 
V.=4.25 millivolts corresponds to a polonium 
alpha-particle, so 


p=5.3X 10° X 104 V./1.12 X0.90 XK 2.1 
X 10° X 0.0083 X 2320 X 4.25 = 308 V., 


where p is particles per square meter, and V, is 
measured in millivolts. 


3. Electronic Equipment 


Figure 1 is a block diagram of the electronic 
equipment used to obtain data with the four 
ionization chambers. Each chamber is connected, 
through its own amplifier, to its own cathode-ray 
tube which is normally quiescent. In addition, 
each amplifier output is fed into an addition 
circuit, which is actuated whenever any two of 
the four chambers give pulses larger than a 
certain (adjustable) amount at the same time. 
When this circuit is actuated, it fires the sweeps 
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Fic. 1. Block diagram of the electronic circuits. 


18 Private communication. : 
19 As indicated in the earlier discussion, 7 Wo is not sensitive to this choice, and, pa feet, the formulas for particle density 


will be approximately correct for any kind of shower with very high-energy particles. 
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on the four cathode-ray tubes, thus giving a 
record of what is happening in each ionization 
chamber at that instant. Thus the oscilloscopes 
only sweep when a coincidence of a certain 
magnitude occurs, and they report, at that 
instant, on all four chambers, even though only 
two need to be giving pulses. The oscilloscope 
traces are recorded by a 16-mm movie camera. 
The film moves slowly and continuously, shutter 
always open, and whenever a shower of sufficient 
size strikes the chambers, the four sweeps fire and 
leave a record of the shower at that point of the 
film. Figure 2 shows a record of a shower. 

The resolving time of the addition circuit 
which fires the sweep was 25 microseconds. 
Since the data are obtained from examination of 
‘the film, and the pulses rise in 7 microseconds, 
the true resolving time for the apparatus is that 
for which the pulses appear to be simultaneous, 
i.e., about 7 microseconds. The accidental rate— 
arising mostly from the alpha-particle source— 
was under 1 percent in all experiments. 


Ill. EXPERIMENTAL PROCEDURE 
1. Calibration and Routine Checks 


Before each run the bias of the individual 
discriminators was set by means of the calibra- 
tion pulser. Thus, for example, by setting the 
bias to correspond to V.=2 millivolts, only those 
_ events would be selected in which at least two 


Fic. 2. Photographic record of a large air shower. Each 
of the four oscilloscope traces corresponds to one ionization 
chamber; the height of the pulse at the beginning of each 
trace is a measure of the particle density at that chamber. 
Total time of the sweep is 90 microseconds. 
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chambers had pulses corresponding to at least 
616 particles per square meter density in their 
vicinity. A calibration record was then obtained 
by applying known calibration pulses of, for 
example, 2, 5, 10, and 20 millivolts to the cham- 
bers, and photographing the resultant oscillo- 
scope traces. The calibration was repeated, and 
biases checked, at the end of each run. The 
stability of the amplifiers and discriminators was 
in this way found to be quite adequate. 

This electrical calibration does not check on 
the possibility that the chamber leaks or the 
filling become contaminated. To detect the 
former possibility a pressure gauge was perma- 
nently installed in each chamber, and to check 


‘on the latter the polonium alpha-particle pulses 


were periodically checked against the calibration 
voltage. As a further routine check the ionization 
chambers were occasionally interchanged, and 
also their individual counting rates for cosmic 
rays were intercompared. The photographic rec- 
ords, rather than simply the number of counts, 
have been used as the primary source of all our 
data. A microscope with a scale in the eyepiece 
was used to measure pulse heights; the calibra- 
tion pulses were measured in the same way and 
a calibration curve drawn for each chamber and 
for each run. 


2. Placement of Ionization Chambers: 
Arrangement A 


The ionization chambers give four measure- 
ments of the particle density of each large shower 
which strikes in their vicinity. The principal 
object of the experiment was to obtain direct 
information on the structure of these showers, 
and two of the arrangements used were designed 
for this purpose. 

The first series of experiments was carried out 
at Climax, Colorado, at 3500 meters, during the 
winter of 1946-7. ‘‘Arrangement A”’ in Fig. 3 
shows the principal set-up used at Climax. The 
four chambers were horizontally placed on a line, 
1 meter apart and with their axes perpendicular 
to that line. The shack which housed the experi- 
ment had walls and roof of wood, 14 g cm 
thick. 

This arrangement was chosen because it was 
felt that such a ‘‘cross section’”’ of the showers 











which struck in the vicinity would show up the 
occurrence of multiple, spacially separated cores 
in the air showers.?° One might expect to see an 
occasional event in which large pulses in the two 
extreme chambers were accompanied by smaller 
pulses in the middle chambers. 


3. Arrangement B 


A second type of experiment involves the 


statistical analysis of air showers and for this - 


purpose it is necessary to study the air-shower- 
caused coincidences between two ionization cham- 
bers placed quite close together. The appropriate 
configuration is illustrated as ‘‘arrangement B”’ 
in Fig. 3. The four ionization chambers were 
arranged as two pairs, each pair consisting of one 
chamber directly above the other. Only the top 
chambers were used for quantitative analysis, 
but the criterion for a true air shower included 
the requirement that the bottom chambers show 
pulses. The necessity for this precaution was 
brought to light in the course of some other 
investigations which are reported in BHRW, 
reference 16. There it is shown that most of the 
bursts in an unshielded ionization chamber of 
the type used in these experiments are caused by 
nuclear disintegrations (heavily ionizing particles 
which are produced locally). For example, in 
one of our chambers at 3500 m, 98 percent of the 
bursts of more than 7.5 Mev are nuclear events; 
2 percent are air showers. Cloud-chamber records 
of nuclear events”! show many in which some 
moderately high energy heavy particles are 
emitted, particles which are easily capable of 
penetrating the thin walls of our ionization 
chambers. The low probability that such an 
event will simultaneously cause large pulses in 
two ionization chambers proves to be offset by 
the enormously greater frequency of the nuclear 
disintegrations. Three and even four chambers 
may be affected this way, and it is only by using 
what amounts to four-chamber coincidence that 
one finally reduces the nuclear events to a 
negligible fraction of the showers.” 

20 Such a possibility had been discussed in connection 
with the experiments of Lewis, reference 5, which did not 
show agreement with the cascade theory. Cf. M. M. Mills 
and R. F. Christy, Phys. Rev. 71, 275 (1947). 

21 W. Hazen, Phys. Rev. 63, 213 (1943). 

2 Clearly, a very high gas pressure in the chamber will 


eventually favor the detection of showers, and it turns out 
that requiring a very large energy loss has the same effect. 
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Fic. 3. Disposition of the cylindrical ionization chambers 
in arrangements A and B. 


Arrangement B was used, with various dis- 
tances separating the two pairs, at the second 
high altitude station, Doolittle Ranch (near 
Echo Lake), Colorado. There at an altitude of 
3050 meters a series of experiments on air 
showers was carried out during the summer of 
1947, with the assistance of R. Davisson. These 
experiments were done in the open, with only 
canvas over the ionization chamber containers. 

Arrangement B was also used in Climax in 
connection with another experiment and with a 
bias different from that used in arrangement A, 
but within the rather large statistical, error the 
results can be extrapolated to compare with 
those from arrangement A. 


4. Arrangement C 


Figure 4 shows arrangement C, which yields 
the most detailed description of the showers. 
Three chambers were placed at the corners of an 
equilateral triangle, 12.2 meters on a side, and 
the fourth was placed in the center. In addition, 
we were fortunate in having available for part 
of the time a cloud chamber operated by W. E. 
Hazen. This cloud chamber was being used for 
another study, but it was also tripped by a 
signal from our equipment whenever our addition 
circuit fired. Identification of the pietures was 
accomplished by photographing clocks on both 
cloud-chamber and ionization-chamber records. 
The cloud chamber was just outside the triangle, 
as shown in Fig. 4. 

Arrangement C was used both at Doolittle 


Thus Lapp (reference:6), whose ionization chamber had a 
pressure 10 times ours, and who required 100 times the 
energy loss, reported that about 85 percent of his bursts 
at sea level were caused by air showers. 
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Ranch (3050 m) and at the top of Mt. Evans 
(4300 m). 


IV. RESULTS 
1. Qualitative Structure of Individual Showers 


The principal objective of these experiments 
was to gain information on the structure of 
individual air showers, by finding the particle 
density at several points in each shower. An 
examination of the 250 showers which were 
recorded in arrangement A, during 240.5 hr. 
of operation, shows that they have the qualita- 
tive structure which is expected if they arise by 
cascade multiplication from a single electron or 
photon (i.e., particle density decreasing mono- 
tonically with distance from a unique core). In a 
great majority of the cases the pulses were all 
about the same size. All but seven of the showers 
gave measurable pulses (greater than } the 
minimum pulse required for coincidence) in all 
four chambers. One had pulses in three adjacent 
chambers. Six had pulses only in an end chamber 
and its neighbor. 

There were three records in which two non- 
adjacent chambers showed pulses. Since the ex- 
pected number of such double accidentals from 
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Fic. 4. Disposition of the 
cylindrical ionization chambers 
in arrangement C. 


alpha-particles was between one and two, these 
were assumed to be accidental coincidences. Ob- 
viously, some of the six double coincidences be- 
tween adjacent chambers could also have been 
accidentals. Of the remaining 243 records, most 
of the groups are abdut uniform, many of them - 
rising from one end of the group to the other, 
and some having a maximum. A few cases in 
which there was a minimum were not very pro- 
nounced, and undoubtedly could have been 
caused by fluctuations. There were a few cases 
in which the maximum was quite pronounced— 
as it should be if the shower struck nearby—and 
no cases of an equally pronounced minimum. 

The three cases in which the singularity in 
the electron density function (see below) is best 
illustrated are described in Table I. 

It should be noted that the ‘‘size’”’ of an air 
shower does not have a precise meaning. Although 
a shower with very many particles will be 
detected over a large area, the particle density 
will nevertheless change violently over a distance 
of less than a meter in the vicinity of the shower 
core. Thus the small spacing used in arrange- 
ment A is already large enough to show the most 
characteristic feature of the shower structure, 
and, conversely, it is nearly impossible to make an 
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apparatus so small that the particle density 
incident upon it is always uniform. 

Examination of the 540 showers registered 
during 325 hours of observation in arrange- 
ment C at 3050 meters leads to the same general 
conclusion : the structure of these showers seems 
normal, Often the center chamber will have a 
larger pulse than its neighbors, or there will be 
a gradual increase in pulse height from one side 
to the other. In no case is the central chamber 
significantly smaller than all its neighbors. The 
quantitative analysis of the Arrangement C data 
will be described below. 

The regularity of these results also leads to 
the observation that the probability for an air 
shower to cause a nuclear disintegration in an 
ionization chamber must be very small. This 
result would follow from the evidence, presented 
in BHRW, that most nuclear disintegrations are 
not caused by photons. 


2. Coincidence Rate as Function of Separation 
between Chambers 


Statistical analysis of air showers can be based 
on the coincidence rate between two ionization 
chambers as a function of their horizontal dis- 
tance of separation. (Auger calls the analogous 
function for Geiger tubes a ‘‘decoherence curve.”’) 
All of the experimental arrangements which 
have been described yield information on this 
function ; it will be represented here by W(p, d) 
=number of coincidences per hour between two 
ionization chambers separated by distance d 
meters and each required to have a particle 
density 2 p particles per square meter. Arrange- 
ment B yields this function directly; at each 
distance of separation one simply adds up, by 
inspecting the record of pulse heights, the num- 
ber of times the two top chambers simultaneously 
had pulses corresponding to particle density 2 p 
for various values of p. The dependence of W on 
p which is found in this way can be represented, 
within the statistical error, by a power law, 
W=constant X p~7, and both the constant and 
the exponent prove to be functions of the dis- 
tance d. A similar examination of arrangement A 
in which one concentrates on only two chambers, 
ignoring what happens in the other two, gives 
W for three values of d; Arrangement C gives W 
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TABLE I. Three showers which struck near the apparatus, 
arrangement A. The numbers represent phere. - values 
for the number of electrons which. went through the 
chamber. 








Chamber 3 





Chamber 1 Chamber 2 Chamber 4 
200 204 61 32 
10 5 40 135 
15 119 15 21 








for two values of d (the side of the triangle and 
the distance from a vertex to the center). 

Table II summarizes the data on the func- 
tion W. In analyzing the data at 3050 meters 
and 4300 meters a minimum particle density of 
460 particles/m? was chosen, although records 
were available down to a particle density of 308 
particles/m?. In this way the discrimination is 
entirely done by the photographic record ; if one 
chose the minimum to correspond to that of the 
electrical selection (308 particles/m?), the selec- 
tion of showers would rest partly on electrical 
discrimination and partly on the photographic 
record. 

The second column shows the actual number 
of showers observed with the minimum p selected. 
The fourth column shows the best value of y, 
the exponent in the density law, obtained from 
the data at that particular distance. Thus the 
function W for 0.15 m at 3050-m elevation, for 
example, can be written 


W(p, 0.15) =0.99(460/p)!-5° coincidences/hour 
in the range 300 < p< 2000 particles/m’. 


TABLE II. Coincidence vs. distance data. 























3050 Meters 
No. of coincs. Coincs. 

Distance with 460 part/m?* per hour Y 
0.15 m 58 0.99 1.50 
0.36 m 96 1.04 1.67 
1.00 m 47 1.09 1.56 
7.05 m 134 0.51 1.85 

12.20 m 109 0.42 1.90 

3500 Meters 
No. of coincs. Coincs. 

Distance with 615 part/m? per hour 
0.23 m 37 1.22 Average 
1.00 m 89 0.70 value of 
2.00 m 83 0.65 7 is 1.7 
3.00 m 72 0.57 

4300 Meters 
No. of coincs. Coincs. 

Distance with 460 part/m?* per hour ¥ 
7.05 m 103 1.60 1.8 

12.20 m 75 1.16 22 
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Fic. 5. The coincidence rate vs. separation of ionization 
chambers for 3050 m. 


At 3050 m the data for d=0.15 m, 0.36 m, 
and 1.0 m were obtained with arrangement B. 
The data for d= 7.05 m and 12.2 m were obtained 
from arrangement C both at 3050 m and 4300 m. 
At 3500 m the data for d=0.23 m were obtained 
with arrangement B, the rest with arrange- 
ment A. The statistics did not seem to warrant 
obtaining separate values of y for each distance. 
It should be noticed that the minimum value of p 
is different here, so that the counting rates are 
not directly comparable with those at 3050 m. 
The 3500-m data should be multiplied by about 
(615/460)!-?=1.63 to compare with the other. 

The decoherence curves from the low altitude 
data in Table II are shown in Figs. 5 (3050 m) 
and 6 (3500 m). The agreement between the two 
sets of data is not perfect, owing mainly to the 
0.23-m point on the latter curve, which has a 
very large error. As previously explained, this 
point is obtained from another experiment, and 
its error involves the value of y as well as the 
statistics from number of counts: We will use 
the more complete and accurate curves of Fig. 5 
in analyzing these results. 

The Geiger-tube experiments of Cocconi and 
co-workers also yielded an air shower rate as 
function of particle density. At 2200 m, using a 
triangular arrangement four meters on a side, 
they found a rate W=3600(1/p)!-5* hr.—!, where p 
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is an average particle density over the apparatus; 
the range of p was 10 to 220 particles/m?. When 
the altitude difference is corrected this should be 
approximately comparable with our interpolated 
rate at four meter separation, Fig. 5, even though 
the arrangements are not identical. Choosing a 
particle density intermediate between the two 
experiments we find that, for the same rate, they 
measure a density 11 percent lower than ours, 
which is quite satisfactory agreement. 

From Table II it appears that y increases 
with distance. y is obtained as the slope of the 
best straight line drawn through the graph of 
logW against logp at a particular distance. Since 
the points on such a graph are not independent, 
it is hard to decide what the reasonable limits 
of error on y might be. In order to see whether 
or not the change in y is real, we have plotted 
the differential frequency curves for the two 
extreme distances. These curves yield values of 
y+1, and the error of each point is independent. 
Log(AW/Ap) is plotted against logp, ford =0.15 m 
and d=12.2 m, in Figs. 7 and 8, with the statis- 
tical errors indicated. p is indicated in arbitrary 
units. Since the number of cases is not great, 
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Fic. 6. The coincidence rate vs. separation of ionization 
chambers for 3500 m. 
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Fic. 7. Differential distribution curve of number of 
coincidences as function of particle density, at 0.15 m 
separation. E is the particle density in arbitrary units. 


only three ranges of Ap are taken, and the 
approximately correct abscissas are found by 
assuming the value of y which the integral 
curve gives in each case. The extreme values of 
y+1 which can be obtained from these curves 
by drawing lines which are just within the errors 
are at 0.15 m: 2.14 and 2.70; at 12.2 m: 2.75 
and 3.14. The lines drawn on the graphs corre- 
spond to the assumed values of y derived from 
the integral curves. The increase of y with 
distance seems to be real. 


3. Angular Distribution 


During some of the runs at 3050 m, the cloud 
chamber was operating and was tripped every 
time a shower struck the apparatus with a 
particle density greater than 308 particles/m? in 
the vicinity of at least two ionization chambers. 
It turns out that this does not always represent a 
high enough particle density near the cloud 
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Fic. 8. Differential distribution curve at 12.2-m separation. 


chamber to make the shower show up clearly. 
If the shower struck near chamber 2, for example, 
its density near the cloud chamber might be 
quite small. Also the scattering of low energy 
electrons tends to reduce the number of tracks 
which show a coherent direction. A certain dis- 
crimination in favor of large showers therefore 
operates, since about 30 percent of the pictures 
have to be rejected. 

Figure 9 shows the resulting distribution of air 
showers as function of projected angle, using all 
available photographs. (The projected angle is 
the angle one sees on the photographic film, and 
of course is always less than or equal to the 
true zenith angle in space.) If a is the projected 
angle, @ the zenith angle, and ¢ the azimuthal 
angle, tana=tan@ cosd. A consequence of this is 
that if the distribution per unit solid angle in 
space is of the form cos”édQ, the distribution in 
projected angle is of the form cos"ada.¥ Thus the 


% J. Daudin, J. de Phys. et rad. 7, 302 (1945). 
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Fic. 9. The distribution in projected angle of large air 
showers at 3050 m. Smooth curve is the calculated dis- 
tribution, arbitrary normalized. 


sharp maximum of Fig. 9 shows that most of 
the showers at 3050 m are almost vertical. This is 
in fair agreement with a similar study of Daudin,” 
though he seems to find a slightly flatter dis- 
tribution, perhaps because of having selected 
larger showers. 

We use the observation that most showers are 
vertical to simplify the analysis of the local 
behavior of air showers. For example, the fact 
that nearly all showers have @<30° means. that 
the uncertainty in apparent distance between 
two ionization chambers is <13 percent. One 
can show that this causes only a very small 
change in the shape of the decoherence curve. 

The angular distribution will be compared with 
theoretical predictions in Section V-6. 


V. ANALYSIS 
1. Application of Cascade Theory 


Since the large air showers have the qualitative 
appearance of cascades, we will try to apply some 
results of the cascade theory to the data. In the 
first approximation the cascade theory"! treats 
all particles as though they traveled along the 
same straight line, and yields, for example, the 
spectrum of electrons in the shower as it reaches 
thickness ¢, having started at ¢=0 with a single 
electron of energy Eo. If energies are measured 
in terms of the ‘‘critical energy” ¢ and thickness 
is measured in terms of the “radiation length” 
Xo, the results of cascade theory can be ex- 
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pressed independent of the material. Xo and ¢ are 
defined in reference 17, but it has been pointed 
out™ that the contribution of the atomic elec- 
trons to pair production and radiation cross 
sections must be considered. This lowers the 
values given in reference 17; we have used 
«=86 Mev, Xo=36 g cm™ for‘air. 

The lateral spread of the cascade electrons 


‘(which is essential for the interpretation of 


experiments on air showers) arises almost entirely 
from multiple Coulomb scattering. Most of the 
calculations of the .lateral distribution function 
refer only to the point of maximum development 
of the shower. In many experiments the showers 
recorded are mostly near their maximum, and 
Moliere™ argues that it is a reasonable approxi- 
mation to assume that all observed showers have 
the same lateral distribution function. In the 
experiments reported here the smallest showers 
we record must be well past the maximum; 
nevertheless we will use this assumption, i.e., 
that all showers are geometrically similar, and 
are similar to themselves over their whole length. 

The particle density at a depth ¢ below the top 
of the atmosphere, and distance r’ from the 





Fic. 10. Chart for the location of the center of individual 
showers. Each line corresponds to the ratio of particle 
densities indicated. 


24 J. A. Wheeler and W. E. Lamb, Jr., Phys. Rev. 55, 
858 (1939). 


















axis of the shower, can then be expressed as 
p=N(t)f(r’), where M(t) is the total number of 
electrons at depth ¢, and f(r’) is the function 
calculated by Moliere." r’ must be measured in 
units of the “‘characteristic scattering length” 


n= (Xo/e)E,. 


E, is 21 Mev'’, so that 7;,=74 m at sea level, 
106 m at our 3050-m station. For f(r’) we use 
‘the analytic approximation given by Bethe,”5 


0.454 
f(r’) mT +4r’)exp[—4(r’)#]. (1) 


2. Analysis of Individual Showers: Theory 


Knowledge of the particle density at four 
points in a shower should enable one to compute 
the location of the axis of the shower if a lateral 
density distribution function is assumed. The 
linear disposition of arrangement A proved un- 
satisfactory for this purpose, both for geometrical 
reasons and because the distance between ioniza- 
tion chambers was too small. The triangular form 
and larger spacing of arrangement C were there- 
fore adopted to make this direct test of the 
shower structure. 

The four ionization chambers give four simul- 
taneous measurements of the particle density 
p(r’)=Nf(r’), where r’ is the distance of the 
ionization chamber from the axis of the shower 
and f(r’) is the structure function, which we 
assume to be that calculated by Moliere, Eq. (1). 
‘ Any two measurements of p determine a line 
which the axis must intersect as it crosses the 


* H. Bethe, Phys. Rev. 72, 172 (1947). 
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Fic. 11. The second chart 
for the location of individual 
showers. Reading from the center 
circle the numbers are 15, 10.0, 
7.0, 5.0, 4.0, and 3.5. 


plane of observation; four measurements there- | 
fore determine three lines, which should meet in| 
one point if f(r’) is correct. 

Figure 10 is a small-scale reproduction of a 
chart of these lines of constant ratio of density 
for the ratios between the points labeled A and C 
(the lines circling point A) and between B and C 
(circling point B). The charts were prepared with 
the help of the Laboratory’s Computing Group, 
using the form of the Moliere function given in 
Eq. (1). The scale is determined by the distance 
from the center to any one of the chambers A, B, 
or C, as this must correspond to the actual dis- 
tance in arrangement C, or 7.05 m/106 m =0.067 
characteristic scattering lengths at 3050 m. The 
numbers on the lines are the density ratios. 
Figure 11 is a similar chart, but with the dis- 
tance between the two chambers equal to 0.067. 
It therefore corresponds to the central ionization 
chamber and any one of the three outside ones. 
(The central chamber is referred to as ‘‘0.’’) 

To locate a shower, one reduces the four pulse 
heights to particle densities by means of the 
calibration. Chambers 1, 2, and 3 are the outside 
chambers; the chamber with the largest particle 
density is made to correspond to A, the next to B, 
the smallest to C. Then the ratio A/C places the 
shower axis on one of the lines encircling A, B/C 
places it on one of the other lines, and in general 
the two lines will intersect in two points, one 
inside the circle circumscribing ABC and one 
outside. Because of the order of A, B, and C, only 
one sextant of the chart is used. The ratio A/C 
or C/A, whichever is larger, places the shower 
axis on one of the lines in the original of Fig. 11, 
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TABLE III. Location and energy measurements 
on individual showers. 
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plus four (4) showers too large to be measured. 


which is drawn on tracing paper and can be 
superposed on the chart of Fig. 10. If the theory 
is correct, this line should pass through one of 
the two points of. intersection of the two lines 
already chosen. 

The other ratios (e.g., center to B) are not in- 
dependent and therefore add no new information. 

If it were possible to determine the particle 
densities accurately this method would be a 
sensitive test of the Moliere theory, because it 
is not likely that another type of shower would 
fit (notice that even with only three chambers 
not all data would fit these curves—the ratio B/C 
cannot be greater than 2.4). However, the sta- 
tistics of individual particle density measure- 
ments are poor, since the sample taken from the 
shower is small. 

When 2 uniformly ionizing particles from a 
Poisson distribution cross a cylindrical ionization 
chamber of our type perpendicular to the axis, 
the fractional error in the density measurement 
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is greater than m~} because the particles near 
the axis contribute more to the total ionization 
than do the particles near the edge. If all the 
ionization is collected, the error is 1.76n—+. How- 
ever, electron collection favors the particles 
which pass near the edge (cf. BHRW), so that 
the error is smaller, and we take 1.5-? for our 
error estimates. For most of the showers in 
arrangement C the particle density in at least 
one chamber was so low that the data could not 
be subjected to this detailed analysis. Only those 
showers were chosen for analysis, therefore, in 
which all four chambers had particle densities 
corresponding to at least 616 particles/m?, or 
24 particles per chamber. The maximum frac- 
tional error is then 1.5/(24)#=0.31, and in the 
worst case (equal minimum particle densities) 
the error in a ratio of particle densities is 
0.31 X v2 =0.44. 


3. Analysis of Individual Showers: Results 


During the 325 hours of observation in arrange- 
ment C, 47 showers were recorded which satisfied 
the minimum pulse height criterion established 
above. The analysis of these 47 showers is given 
in Table IIJ. The ratios A/C, B/C, etc., have 
been explained above. For each shower we have 
found the best location of the shower axis, and 
measured the distance from this center to each 
chamber. Since the pulse size in chamber 1 
gives p, and the shower location gives r’, we 
know the total number of particles in the shower 
at the plane of observation: N= p/(r’)/f(r’). The 
next columns give the values of NV corresponding 
to each chamber, and the last column is the 
average of the four. 

The agreement between the different values of 
N for the same shower furnishes a measure of 
the agreement of these data with the hypothesis 
that these showers are simple cascades. Table III 
shows that the fluctuations of NV are within the 
statistical error, and therefore that these showers 
agree with this hypothesis. 

Occasionally the shower struck so near one 
ionization chamber that its amplifier was satu- 
rated. These cases are distinguishable by a > 
sign before one or more ratios. For the three 
cases of this type for which a blank appears in 
an N column: the shower center was not over- 
determined. 











The six showers at the end of the table are all 
consistent, within the statistical error, with axes 
which struck too far from the apparatus to be 
located (more than 40 m). Four showers satu- 
rated more than one ionization chamber and 
therefore could not be analyzed. 


4. Statistical Results: The Shower Rate 


In order to interpret statistical results such as 
the decoherence curve it is necessary to assume 
some spectrum (i.e., frequency distribution) of 
cascade showers. Often one takes a spectrum of 
primary electrons at the top of the atmosphere, 
but it is sufficient merely to assume a local 
distribution of showers at the altitude of the 
observations. Thus, we let S(J, ¢) be the number 
of showers, per square meter per hour, which 
contain more than N electrons as they cross the 
depth ¢; N is the number of electrons which 
cross a horizontal plane at depth #/, in a given 
shower. (Recall that we are now assuming all 
showers to be vertical.) This function S is a 
convenient way to join experiment (which can 
determine S directly, in principle at least) with 
a theory of the origin of the showers (which 
must account, for example, for the variation of 
S with 2). 

The decoherence curve function W(p,d) is 
given by an integral over S(NV). The observed 
power-law dependence of W on p suggests a 
power-law form for S(NV). Blatt?* has made a 
detailed analysis of the decoherence curve for 
power-law S(NV), assuming Moliere’s structure 
function f(r’). Agreement of the theory with the 
experimental points of Fig. 5 is not very satis- 
factory, and the probable cause of the discrepancy 
is discussed in Blatt’s paper. It appears that the 
theory is more likely to be correct at the larger 
separation distances, and we therefore use the 
points at 7 m and at 12.2 m to obtain the absolute 
shower rate. From Blatt’s analysis, the number 
of showers per square meter per hour, of more 
than JN particles, at 3050-m elevation, is 
S=1.8X10-*(N/108)--5 m~ hr.-!, 10°<N<108, 
S=1.8X10-9(N/108)9 m= hr.-!, 10°< NV < 108. 
It should be emphasized that the absolute value 
of this result depends on the assumption that 
Moliere’s structure function applies to all showers. 


26 J. M. Blatt, Phys. Rev., in print. 
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In Section 3 we have shown that the results of 
measurements on individual showers agree with 
the Moliere function. However, the showers 
which could be analyzed in this.way were all 
large, and therefore fairly near their maximum. 
Many of the showers which contribute to the 
decoherence curve of Fig. 5 are much smaller, 
and presumably well past their maximum. Also 
the absolute value of S depends on the normal- 
ization of the structure function. Since this 
function was tested only for distance r<0.4n, 
one cannot conclude that the normalization is 
correct. Therefore the value which we give for S 
is uncertain, perhaps by as much as a factor 
of two. 


5. Altitude Variation: Assumptions about 
the Primaries 


The data in Table II have been used to infer a 
local shower spectrum S(NV), at 3050 m. The data 
at 4300 m are less complete, but if we assume the 
same form of S(NV), we can find the factor relating 
the number of showers per square meter per 
hour at this altitude to that at 3050 m. This 
proves to be S(N, 4300)/S(N, 3050) =3.6+0.4. 
The range of N which contributes most to this 
result is about 105—10’ particles, corresponding 
to the minimum accepted particle density of 460 
particles/m*, _ 

This result can be used to test theories of the 
origin of large air showers, since these theories 
may predict different altitude dependences. The 
altitude dependence is also sensitive to the form 
of the production spectrum, i.e., to the exponent 
if a power law is assumed, but the value of this 
is circumscribed by the experimentally deter- 
mined form of S(J). 

If we assume a primary electron spectrum, 
letting F(E») be the number of electrons per 
square meter per hour per steradian in the 
vertical direction, then at depth /, 

S(N, t) = FLE,(N, ¢) J, 
where, if II is the total number of electrons as 
defined in Rossi and Greisen, N=II(Ep, 0, #). If 
we assume that the shower-initiating electrons 
are secondaries, produced in the atmosphere 
with a mean free path X, 


S(N, t) = f FLEo(N, t—1) Je-*”\(dr/d). 
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TABLE IV. The number of showers of more than N par- 
ticles, S(N/), per square meter per | hour per steradian, in 
vertical direction, calculated for various assumptions about 
the primary. Depth measured in radiation lengths. 








Atmos- 
pheric 


Assumptions 
depth 


about primary 


Electrons 
7y=1.8 


S(104) S(10) 8(106) 8(107) 





2.34107 
3.73 X10-3 


3.14X10-2 
8.20X10-4 


8.52104 
5.30X10-5 


1.631075 
2.61X10-% 


Electrons 
7y=2.0 1.40107 


1.841078 


6.981072 
1.221073 


1.27X10-3 
5.81X10-5 


1.57X10-5 
2.06106 


Single production 
=100 g cm=? 
7=18 

Multiple production 
rA=0 
7y=1.8 

Multiple production 


A=200 g cm? 
7=18 


1.45107 
8.78X10-8 


6.311072 
1.07 X10? 


1.07X10-3 
1.041074 


1.44X10-5 
3.80X10-* 


1.34107 
3.09X10~9 


4.10X10-3 
2.501075 


1.83X10~4 
1.48X10-¢ 


6.32106 
7.50X10-8 


1.39X10-5 
2.131076 


2.12X107 
3.86X10-8 


3.63 X10? 
4.60X10-3 


7.26104 
1.00X10~4 








Recently the possibility has been pointed out?” 
that the high energy soft component may arise 
from decay of neutral mesons produced in a 
highly multiple process. According to this theory, 
a primary proton of energy Ey would lose a-large 
fraction of its energy in a single act of meson 
production, producing on the average about 
v=2(Eo/u)* mesons, where yu is the meson mass. 
This would lead to an air shower started by ~ »/3 
neutral mesons (decaying quickly into gamma- 
rays) with average energy E,/v. We have made 
an estimate of the S arising from this case, using 
slightly different numerical coefficients (the cal- 
culation was done before the detailed results of 
reference 27 were available). We assumed that 
v=(E,/10°)*, that all mesons have energy Eo/», 
and that all mesons give rise to showers. Then Eo 
is related to N and ¢t by N=plII(Eo/», 0, #), and 
the calculation of S goes through as before. 

TABLE V. Calculated ratio of the number of showers per 
square meter per hour, of more than N particles, between 


4300 meters and 3050 meters, for various values of N and 
various assumptions about the primary. 
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Single Multiple 
Primary production, production, 
electrons, 4 =100 g cm= : =200 g cm=? 
y¥=2.00 y=1.8 =1, 


Primary electrons, 
N 7 =1.8 


S(4300) 
104 5(3050) =2.94 3.20 
108 2.40 2.50 


10° 1.74 1.86 
10” 1.62 1.67 





1.82 1.78 


1.94 
1.51 
1.28 


1.79 
1.86 
1.69 








7H. W. Lewis, J. R. Op 
thuysen, Phys. Rev. 73, 127 


nheimer, and S. A. Wou- 
1948). 
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Values of S for these possibilities have been 
calculated numerically assuming power-law pro- 
duction spectra. The production spectrum is nor- 
malized in all cases to the number of “primary” 
particles of greater than 10" ev according to the 
Heisenberg-Euler spectrum,?* 2.2 X10 particles 
m~ hr.—! sterad—!. The assumed production spec- 
trum therefore becomes 2.2 10-*(10'5 ev/Eo)7 
m~ hr.—! sterad—. Table IV shows some values 
of S for various values of the parameters. 

To compare with the observed values of ioniza- 
tion chamber counting rates, we must integrate 
over all angles. A single ionization chamber”? is 
non-directional, so that we want 


Si(N, t) -f S(N, t/cos0)2x sinédé = 
0 


the number of showers crossing a sphere of unit 
cross section. This function should compare 
directly with the S derived from the decoherence 
curve. 

Ideally one should adjust the assumed pro- 
duction spectrum until the calculated S, has the 
same form as the observed S. However, the 
power-law spectra assumed here prove to match 
the observed form of S fairly well. For primary 
electrons, a spectrum of power 1.9 would seem 
to match the data best. 

Table V gives the calculated altitude variations 
of S for several cases. 


6. Angular Dependence 


The angular dependence of the large air 
showers can be calculated by a method similar 
to that for the altitude variation. The results are 
less accurate because it is necessary to calculate 
the counting rate of an ionization chamber using 
the number of showers coming in a particular 
direction, ‘S(N, ¢/cos@). With a power-law pri- 
mary, this function does not approximate a 
power law in N so closely as S; does. 

The calculated distribution in projected angle, 
for primary electrons with y=1.8, is shown as 
the solid curve in Fig. 9. 


28 W. Heisenberg, Cosmic Radiation, ed. by W. Heisen- 
berg (Dover Publications, New York, 1946), Ch. 1 

2 The effect of finite separation between two an 
makes the calculation very complicated. An estimate 
shows that the method used here is sufficiently accurate 
for the altitudes used in these experiments, 
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VI. DISCUSSION 
1. The Measurements on Individual Showers 


In Section V the cascade theory was applied 
to the detailed results obtained on individual air 
showers, and it was seen that within the limited 
statistical accuracy the results were consistent 
with the theory. Assuming the validity of cascade 
theory it is possible to find the total energies of 
the events tabulated in Table III. The number of 
particles in the showers at the plane of observa- 
tion, 20 radiation lengths below the top of the 
atmosphere, ranges from 2 X 10° to 108. Figure 12 
shows the necessary primary energy for an 
electron which creates N electrons at the maxi- 
mum development of its shower. For N=107 it 
is 1.4X10®Xe=1.2X10'* ev. There seems to be 
ample evidence for primary particles of 4 10!* ev 
and perhaps even 10!” ev.*° 

The values for NV in Table III said on the 
normalization of the Moliere structure function, 
of course. The dotted curve in Fig. 12 gives the 


10° 


Fic. 12. Energy (in critical 
energy units) of initiating elec- 
tron vs. number. of electrons 
created: (a) after 20 radiation 
units (upper curve); (b) at 
shower maximum (lower curve). 
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minimum energy corresponding to a given N;; if 
the initial electrons were produced in a multiple 
process, this curve still represents the minimum 
energy which could have initiated the shower. 

The measurements on individual showers are 
consistent with the Moliere distribution and 
therefore with the hypothesis that the primary 
particle is an electron or photon. Evidence has 
recently been obtained*! that not more than a 
few percent of the primary cosmic rays are 
electrons or photons. Also, production of cascade 
showers in lead by penetrating particles has been 
observed at high altitudes.* Of course, the par- 
ticles which cause the effects we observe con- 
stitute ~10-* of the primary cosmic rays, and 
are in a completely different energy range, but 
it is of some interest to inquire whether the 
process observed by Bridge, Hazen, and Rossi 
could also account for the large air showers. 

It is clear that the structure of the air shower 
should be unchanged if it originates from a single 
electron or photon. If a large number of electrons 


107 p 10® 


%© The effect which we observe could arise from a large group of particles, each with a much lower energy, but 
these particles would have to arrive at the earth in a bunch not more than 1 m across and 1000 m long. 


31 R. I. Hulsizer and B. Rossi, Phys. Rev. 73, 1402 (1948). 


# H. Bridge, W. E. Hazen, and B. Rossi, Phys. Rev. 73, 179 (1948). 
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TABLE VI. Results expected from multiple meson pro- 
duction theory (assuming that showers start 100 g cm™ 
below top of atmosphere). 6/ is the radius of the circle 
within which most cores will strike. 











Av. dist. 
Multi- between Energy 
Eo plicity 6, ms al cores per core 
108 ev 46 1.4 X10 220.0 m 50.0 m 2 X10" ev 
104 ey 100 4.5 X10-3 72.0 m 13.0 m 102 ev 
104 ev 200 1.4 X1073 22.0 m 2.8m 5 X10" ev 
1016 ev 460 4.5 X10-4 7.2m 0.6 m 2 X10" ev 
10” ev 1000 1.4 X10-4 2.2 m 0.12 m 104 ev 








were produced with average angles of emission 
similar to that encountered in pair creation 
(~mc?/E), they would start showers whose cores 
would be separated by less than a centimeter 
when they reached our apparatus. Because of 
the similarity principle of cascade structure, such 
an event could not be distinguished from a single 
cascade. If, however, a large number of electrons 
were produced in a single event of ‘the type 
discussed by Lewis, Oppenheimer, and Wou- 
thuysen,?’ it has been proposed that the electrons 
would be ejected with spherical symmetry in the 
center of gravity system. In this case they would 
have a rather large spread in the laboratory 
system, approximately Gaussian with the angle 
of standard deviation being given by @:.m.s. 
~4(108 ev/E,)*. Table VI shows some numerical 
values for 6, for the expected multiplicity accord- 
ing to Lewis et al. (order of magnitude), for the 
radius 6/ within which most of the showers would 
hit at 20 radiation lengths* below the top of 
the atmosphere, for the average distance be- 
tween cores, and for the average energy per core. 

It is seen that a unique core of the shower is 
no longer to be expected, with reference to the 
dimensions of our apparatus. If the cores are 
sufficiently spread out so that only one strikes 
near the apparatus, its energy is too low to be 
recorded. For showers of 10!* ev the cores are 
spread out over an area the size of arrange- 
ment C, and the results of arrangement A and 
arrangement C.become unintelligible. A large 
number of separate cores, each contributing a 
particle density varying approximately as 1/r, 


33 If one assumed an angle yc*/E, where yu is the meson 
mass and E the meson energy, the separation becomes a 
few tens of centimeters for the showers of lowest energy. 

_ ™1, the distance from the point of creation of the shower, 
is 13,000 m if production takes place 100 g cm below the 
top of the atmosphere. 


ROBERT W. 


WILLIAMS 


lead to a much more uniform distribution in 
pulse heights than that expected from a single 
core. Thus even a shower whose ‘‘center’’ lies 
within the triangle of arrangement C will either 
be inconsistent with the Moliere distribution or 
will appear to have struck very far away. This 
qualitative observation has been verified by com- 
puting the pulse height distribution which would 
result from a number of assumed distributions 
of cores. : 

Examination of Table III shows that many of 
the showers exhibit a pronounced single-core 
structure. Nine of the showers in Table III 
struck inside the triangle of ionization chambers. 
The cases from arrangement A, in Table I, are 
equally striking. Because of the finite size of the 
ionization chambers the maximum ratio obtain- 
able between two chambers 1 m apart is about 6, 
when the core strikes one chamber. This ratio 
is lowered if other cores strike in the vicinity 
of the two chambers, of course. Thus Table I 
can be understood only in terms of a single core. 
This core would have to correspond to an initial 
energy of about 10" ev, and reference to Table VI 
shows the inconsistency: either we must assume 
all cores to be separated by many meters, in 
which case the energy of a single core is far too 
low, or we must assume that they all fall within 
a circle a few tens of centimeters in diameter, 
in which case the total energy is observed, and is 
far too high. 


2. The Statistical Data 


In Section V the altitude and angle dependence 
of large showers were calculated for several 
hypotheses about the primary. Table V shows 
the results for the altitude dependence, which are 
all less marked than the observed average ratio 
S4300/S3050= 3.60.4. In Fig. 9 the observed 
angular dependence is sharper than that pre- 
dicted for primary electrons with y=1.8. This 
is, of course, in the same direction as the steeper 
altitude dependence. 

The original calculations of the number of 
showers, in Table IV, show that the altitude 
dependence for multiple production and a zero 
mean free path is very much stronger than for 
any other case. It seems likely, therefore, that 
the data could be fitted by assuming multiple 
production and a mean free path appreciably 























shorter than 200 g cm~? (which was the value 
used in the Table V calculations). This would 
suggest that the showers are produced with high 
multiplicity, but with angular spread charac- 
teristic of normal relativistic processes rather 
than the large angle required by the Lewis- 
Oppenheimer theory. 

However, in addition to the rather large 
statistical error in the experimental data, there 
are two effects which make the interpretation 
uncertain. The first is the change in structure 
function for old showers, which we have neg- 
lected, and which will affect the altitude de- 
pendence because the showers are older, on the 
average, at lower altitudes. The second effect 
is the longitudinal fluctuation in shower develop- 
ment. These fluctuations are known to be large,?” 
and will have an effect on the altitude dependence 
which has not been calculated. 


3. A Consequence of the Meson 
Decay Hypothesis 


If the large air showers are assumed to arise 
from the decay of short-lived mesons, it is clear 
that the existence of fully developed showers of 
10'* ev total energy at 3050 m implies that the 
meson lifetime must be shorter than about 10-" 
sec. if one assumes a single meson, or 10" sec. 
if one assumes a high multiplicity. 


4. Primary Intensities 


The values for the number of showers per 
square meter per hour, S, which are given in 
Table IV, are based on an absolute intensity 
extrapolated from the Heisenberg-Euler spec- 
trum. Comparison of the resulting values of S; 
with the observed value at 3050 m shows that 
the assumed spectrum should be multiplied by a 
‘factor 12 to obtain an approximate fit.for the 
primary electron hypothesis ;** the best value of 7 
lies between 1.8 and 2.0. For the multiple pro- 
duction hypothesis, the factor is 10; for the 
single production hypothesis, the factor is 7. 
Thus an approximate production spectrum for 
electrons, in the energy range 10" ev—10"* ev, 


% A similar calculation by Cocconi, reference 9, indicated 
that his experimental intensity was only 1.7 times the 
Heisenberg intensity. The difference arises partly because 
our results are in a higher energy range, and partly because 
his calculation neglected the finite size of the apparatus. 
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would be F(E£o)=number of events in which 
energy Eo goes into soft component =2X10-* 
X (105 ev/Eo)!-* m~ hr.—! sterad—'. For primary 
electrons this is simply the integral spectrum. 
For the other cases this refers to the number of 
events in a column of air one square meter in 
cross section. 

Following a suggestion of H. Lewis, an attempt 
was made to extrapolate the meson production 
spectrum which can be obtained from the ob- 
served meson range spectrum** and compare 
this with our production spectrum, the assump- 
tion being that the large air showers arise from 
neutral, short-lived mesons which are produced 
in about the same numbers as the observed 
charged mesons. The extrapolation must be done 
differently depending on whether one assumes 
single or multiple production. There is a differ- 
ence of a factor of about 25 between the two 
extrapolations, at 10% ev, but uncertainties in 
the energy loss of the observed mesons (from 
density effect, possible radiation effects, and 
possible nuclear collisions of r-mesons) lead to 
an uncertainty of perhaps one power of ten in 
the expected number of large showers. Thus it 
is only possible to state that the number of 
showers could agree, within this large uncer- 
tainty, with either hypothesis. 


VII. CONCLUSIONS 


Direct measurements on large showers, with 
an instrument of higher resolving power than 
any used previously, show that they have a 
single core of high particle density, with the 
density falling off at points away from this core 
according to the prediction of cascade theory. 
The gross features of these showers therefore 
indicate that they are electron cascades of 
enormous energy. These results are not in con- 
tradiction with the finding" that a comparatively 
small number of particles other than electrons or 
photons (penetrating charged particles and neu- 
trons) are present in air showers. However, there 
is no evidence to indicate that another type of 
particle is responsible for the propagation or 
lateral spread of the electrons, and indeed it 
would be remarkable if a different mechanism of 
propagation would yield the same structure of 
shower as that derived from the cascade theory. 


86 V, C. Wilson, Phys. Rev. 53, 337 (1938). 









1706 


The fact that a unique core is observed, for 
showers in the energy range 10" ev—10"’ ev, is 
shown to be in disagreement with the high 
angular divergence expected from the multiple 
production theory of Lewis, Oppenheimer, and 
Wouthuysen.”’ If the showers arise from neutral 
mesons produced in a high multiplicity, these 
mesons must have an average angular divergence 
not greater than ~yc?/E. 

No evidence is found for showers which are 
narrower than normal cascade showers. The 
three ‘“‘narrow showers” listed in Table I corre- 
spond to ordinary cascades which struck very 
near the apparatus. With the local shower 
spectrum, S(V), one can estimate that this is a 
reasonable number of such close hits in 240- 
hours. 

The coincidence rate between two ionization 
chambers at ~zero separation, W(p, 0), is just 
the particle density spectrum at a given point. 
This rate can be obtained by extrapolating the 
data of Fig. 5 (3050 m elevation) and is W(p, 0) 
= 1.05(460/p)!> hr, the number of times a 
shower occurs which has particle density > p par- 
ticles/m? in the neighborhood of the point. The 
range of validity is 300<p<2000 particles/m’, 
but the experiments of Cocconi indicate that 
this expression should hold approximately at 
least down to 10 particles/m?. 

By assuming the Moliere structure function 
we obtain an estimate for the absolute number 
of showers. The local shower spectrum S(N), 
the number of showers, containing more than NV 
particles, whose axes cross a sphere 1 square 
meter in cross section, per hour, is found to be 


S(N) =1.8X 10-(NV/10°)+-5 m~ hr.-, 
10°<N<10° 
S(N) =1.8X 10-(N/10%)--? m= hr, 
10°<N <108 


ROBERT W. 
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at 3050-m elevation. The variation of number of 
showers with altitude is found to be more rapid, 
and the angular distribution more sharply verti- 
cal, than is expected on the basis of a simple 
analysis assuming primary electrons. However, 
the analysis must be refined before this can be 
considered to be evidence for any one type of 
production mechanism. 

Twenty-seven showers of more than 10!*-ev 
total energy were recorded. The frequency of 
events of this energy agrees (very roughly) with 
what one obtains by extrapolating the ordinary 
meson spectrum, and assuming that the number 
of showers observed is about the same as the 
number of charged mesons. 
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The absorption of quanta between 11 and 20 Mev has been measured with the x-rays from 
the 22-Mev betatron as a source. The high energy tip of the x-ray spectrum has been isolated 
for these measurements by using a threshold detector method. The detectors used were 
copper, iron, and carbon, with which absorption coefficient values were obtained at 11.04, 
13.73, and 19.10 Mev, respectively. Aluminum, iron, copper, and lead were used as absorbers. 
The observed absorption coefficients are in good agreement with existing theory except in the 
case of lead. The absorption in lead is smaller than predicted. This is probably due to the 
failure of the Born approximation in the calculation of the pair-production cross section. 





INTRODUCTION 


EFORE the advent of the 22-Mev betatron,! 
means did not exist to make detailed tests 
of the absorption of quanta of energies up to 20 
Mev. The betatron is a source of x-rays produced 
from very nearly monokinetic electrons, the 
energy of which is continuously variable and 
accurately reproducible. The energy scale cali- 
bration is made both by electrical measurements 
and by comparing observed threshold energies® 
with known mass data, 

Compton absorption has been tested* at length 
at low y-ray energies with no apparent deviations 
from the prediction of Klein and Nishina.* There 
seems to be no good reason why this formula 
should not remain accurate at 20 Mev. Since the 
only other important contribution to the total 
absorption results from the production of elec- 
tron-positron pairs,’ absorption measurements 
involving quantum energies between 10 and 20 
Mev will largely be tests of the predictions of 
this process. The atomic photo-effect contributes 
at most } percent (see reference 5b, pp. 124, 
160, and 216) of the total absorption in lead and 
is much smaller in the other absorbers used in 
the experiments described below. The cross 
section for the nuciear photo-effect is never large, 


1D. W. Kerst, Rev. Sci. Inst. 13, 387 (1942). 

2J. McElhinney, A. O. Hanson, and R. B. Duffield, 
Phys. Rev. 74, er (1948). 

3 For example, G . E. M. Jauncy and G. G. Harvey, 
Phys. Rev. 37, 698 (1931); S. J. M. Allen, Phys. Rev. 27, 
266 (1930); ; J. Read and C.C. Lauritsen, Phys. Rev. 45, 
433 (1934); C. Y. Chao, Phys. Rev. 36, 1519 (1930). 

40. Klein and Y. Nishina, Zeits. f. Physik 52, 853 
(1979 Y. Nishina, 52, 869 (1929). 

5 (a) H. A. Bethe and W. Heitler, Proc. Roy. Soc. 146, 
83 (1934) ; (b) W. Heitler, The Quantum Theory of Radiation 


(Clarendon Press, Oxford, 1936), Sections 20, 22. 
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the largest estimated by Bothe and Gentner® 
being 5X10-** cm? for the activation of Cu®. 
This is of the order of 1 percent of the total ab- 
sorption cross section for copper. Thus, Compton 
effect and pair production are the important 
absorption processes in this energy range. 

This paper will describe experiments in which 
absorption of quanta of energies between 10 and 
20 Mev is measured. The observed values are 
compared with theoretical predictions. 


EXPERIMENTAL METHOD 


The experiments reported here were done 
partly in 1942-43,’ and completed recently.* The 
same general techniques were employed in the 
two groups of experiments. Improvements in 
geometry and betatron yield make the recent 
experiments much more reliable. 

The transmission of monochromatic quanta 
through an absorber of thickness x follows the 
law: 


I/Ip=exp(— rx), (1) 


where + is called the absorption coefficient. 
t varies with the atomic number (Z) of the 
absorber and with the energy (E=hyv) of the 
quanta. The x-rays from the betatron are not 
monochromatic but form a continuous spectrum. 
On the other hand, r varies rather slowly with 


( 034) Bothe and W. Gentner, Zeits. f. Physik 106, 236 
1937). 

7G. D. Adams and R. K. Clark, Phys. Rev. 63, 60A 
rian G. D. Adams, Thesis, University of Illinois, 1943 
unpublished). Submitted in partial fulfillment of the 
thesis requirement in the graduate school of the University 
of Illinois, September 17, 1943. Publication was withheld 
temporarily at the direction of OSRD. 

( 048). D. Adams and A. T. Nordsieck Phys. Rev. 74, 1255 
194 
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quantum energy in the energy range being con- 
sidered for all Z, so it is practical to determine 
absorption coefficients by measurements of the 
transmission of a narrow band of the spectrum. 
The lower bound of a band used in these experi- 
ments is the photo-nuclear threshold for activa- 
tion of an element which is used for monitor and 
detector of the radiation. The upper bound is the 
maximum energy in the spectrum and is the en- 
ergy to which electrons are accelerated in the 
betatron. 

Figure 1 illustrates the experimental arrange- 
ment for all experiments. The width of the beam 
from the betatron at half-maximum intensity is 
about 9° at 20 Mev. The monitor and detector 
samples are also of about this width at the 
irradiation position; the absorbers are somewhat 
larger. The purpose of the monitor is to integrate 
small fluctuations in beam intensity and irradi- 
ation time. The detector-to-monitor ratio of the 
activities induced in those samples measures the 
relative transmission of an absorber placed 
between the monitor and detector. The absorp- 
tion coefficient is determined from (i) by using 
transmission vs. thickness data. 

In the earlier experiments, the induced activity 
was read in two ways: with Lauritsen electro- 
scopes and with thin-walled Geiger counters. The 
electroscope work is less reliable largely due to 
uncertainties in the leakage rate. For the counter 
work, the detector was made a cylinder to 
improve the counting statistics. In each case, the 
thickness of both monitor and detector exceeds 
the range of the positrons forming the induced 
activity. 

The reactions used, with half-life of the induced 
activity, threshold energy, and spectral band 
width, are given in Table I. The carbon reaction 
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Fic. 1. Experimental arrangement. 
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was not used in the early experiments largely 
because of low activation yield. In the recent 
experiments, the beam intensity was about 100 
roentgens per minute, measured one meter from 
the target in a thick-walled ionization chamber. 

Transmission measurements have been made 
with carbon, aluminum, iron, copper, and lead as 
absorbers. In the early work, the absorption 
coefficient was in every case determined from a 
transmission curve involving 7 to 12 different 
absorber thicknesses. Within experimental error, 
the exponential transmission law of Eq. (1) was 
obeyed for the spectral band used. In the later 
experiments, transmission curves were taken as 
before to confirm the exponential behavior. The 
bulk of the data, however, was obtained using a 
single thickness of each absorber equivalent to 
two to three half-value layers. Calculations® 
indicated this range of thicknesses would permit 
the best statistics per unit operating time. The 
optimum thickness depends principally on the 
ratio of background to induced activity. The 
irradiation and counting times were each about 
one half-life for all experiments. 


RESULTS 


Before converting the raw data into absorption 
coefficients, corrections from three sources must 
be applied : 


(a) General counter background of the order of 15 
counts per minute. 

(b) Counts arising from operation of the betatron during 
counting. This correction was usually much smaller 
than background, but detectable. 

(c) Spurious activities induced in the detectors. 


A spurious activity is present in the copper 
detectors which is attributed to 2Cu® (2,7) 2Cu® 
but is identified only by a half-life of 5.30.2 
min. This correction amounts to a few times the 
background correction, being largest when the 
absorber is lead. This amount is determined by 
measuring the spurious activity count at several 
energies below the 10.5-minute threshold and 
extrapolating to the operating energy. A check 
on the monitor value can be obtained by sub- 
tracting the total counts induced on successive 
runs with and without the absorber at constant 





® Similar to those presented by M. E. Rose and M. M. 
Shapiro, Phys. Rev. 74, 1213 (1948). 













‘betatron output. The values obtained by these 
two methods are in good agreement. 

The iron detectors used exhibited a spurious 
activity with a half-life of 10+1 minutes and 
with the »Cu®(y,2)e9Cu® threshold and thus 
appears to be a copper impurity. From the 
activity, the concentration of this impurity was 
estimated at 0.1 percent. It was not possible to 
separate this activity from that of Fe by half- 
life measurements, but the iron activity threshold 
is clearly marked by a change in slope when 
plotting induced activity versus activation energy. 
The amount of the spurious activity was deter- 
mined by the extrapolation method only. The 
error arising from this impurity is small ‘since it 
involves the small difference between the absorp- 
tion coefficients for energies determined by the 
iron and copper reactions separately, and with 
' the-iron weighted heavily. 

It was thought advisable to preserve the data 
as nearly as possible in the form taken. Con- 
sequently, the calculated absorption coefficients 
were corrected by an amount derived from the 
fractional contribution to the counts caused by 
this spurious activity. This correction amounts 
to about 1 percent. 

A satisfactory detector consisting principally 
of carbon was hard to find. Graphite absorbs 
large quantities of atmospheric oxygen and 
nitrogen on its surfaces. The (y,m) threshold is 
energetically higher for carbon than for either 
oxygen or nitrogen; hence the 2.1 and 10 
minutes periods of these elements, respectively, 
are activated. The material used was polystyrene 
—(CH),—and was much .better in this respect. 
Some activity of roughly similar periods was 
still detectable. The correction in this case is of 
the order of the uncertainty in the background 
count. 

A weight equal to half the number of points 
involved was assigned to the absorption coef- 
ficients determined from the transmission curve 
runs for the purpose of combining these values 
with those obtained from the single thickness 
runs. Each point of the single thickness runs was 
used at unit weight. The errors indicated in 
Table II are the probable errors determined from 
the spread of values in the individual trans- 
mission determinations. In some cases this is 
somewhat larger than that estimated from the 





ABSORPTION 





OF QUANTA 














TABLE I, 
Half-life Threshold naa rath 
Reaction (minutes) (Mev) (Mev) 
29Cu®(,2) 29Cu® 10.5 10.9+0.1 0.5 
ogF e4(y,2) 26F e* 8.9 13.9+0.3 1.6 
6C!2(y,n) CU 20.5 18.7+0.1 1.7 








numbers of counts comprising the determination. 
This excess exhibits no apparent trend and is 
presumed to be due to variations in counter 
sensitivity. Sensitivity variations of the order of 
2 percent were found by checking at convenient 
intervals. At the counting rate used (averaging 
about 2000 counts per minute), the chance of 
losing counts through lack of resolution is 
negligible. 

The measured absorption coefficients are dis- 
played in Table II. Theoretical comparison 
values and the difference (theoretical minus 
experimental) are given in adjacent columns. 
This subtraction is done in an unnatural way but 
permits easy comparison with the experimental 
error. The probable errors are mostly about 1 
percent. Note that the only important dis- 
crepancy occurs when the absorber is lead. This 
will be discussed at some length below. 


THEORETICAL VALUES 


The calculation of the theoretical absorption 
coefficients proceeds from existing cross section 
formulae for the two important absorption 
processes. The exact calculation of Klein and 
Nishina‘ gives the form used for the Compton 
effect cross section : 


ee 
y L1+2y 7 
ee 
2y (1+2y)? 





oe =2areZ | 





A calculation by Bethe and Heitler,® using the 
Born approximation, gives a cross section for the 
production of electron-positron pairs: 


op = (28/9)are’?Z(Z +1) {log(27) —109/42}. (3) 


In both (2) and (3), y=E/mc?, E=mean quan- 
tum energy of the spectral band used for inducing 
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TABLE II. Absorption coefficients, in cm™, with theoretical comparison values calculated for the mean energy of the 
spectral band used. 








_Cu detector 
£=11.04 Mev 


Absorber __theor. exper. th-exp. theor. 


_Fe detector 
E=13.73 Mev 


_C detector 
E=19.10 Mev 


exper. th-exp. theor. exper. th-exp. 





0.0594 
0.239 
0.277 
0.682 


0.0605 +0.0013 
0.231 +0.003 
0.276 +0.003 
0.569 +0.007 


+0.0008 
+0.002 
—0.010 
+0.043 


0.0613 
0.233 
0.266 
0.612 


0.0596 +0.0006 
0.240 +0.003 
0.285 +0.003 
0.625 +0.007 


— 0.0009 
—0.005 
— 0.008 
+0.096 


0.0604 +0.0016 
0.262 +0.002 
0.307 +0.006 
0.695 +0.004 


— 0.0002 
—0.001 
— 0.008 
+0.057 


0.0595 
0.257 
0.299 
0.791 








the activities observed, a=e?/hc, rp =e?/mc*, and 
Z=atomic number of the absorber. 

The Z-dependence of the pair-production cross 
section was calculated to be Z? for the nuclear 
effect and has been increased to Z?+Z to include 
additional absorption resulting from pair forma- 
tion in the field of the orbital electrons.!°" 
As used, here, the contribution of the triplets 
so-formed to the whole absorption coefficient 
amounts to about 3 percent for aluminum and 
decreases slowly to about 1 percent for lead. This 
method of including the triplet contribution is 
not rigorous, but it is probably in error by less 
than a factor of 2.” 

Some of the secondary Compton quanta are 
sufficiently energetic to activate the detectors. 
By the definition of the cross section given by 
(2) these should not be counted, but since they 
are, a correction has been estimated and applied 
to the theoretical comparison values. The amount 
of the correction depends on the width of the 
spectral band used and the relative size of 
Compton to total cross section. It ranges from 
0.18 to 1.6 percent of the total cross section and 
can be written in such form as to reduce the 
theoretical absorption coefficient in that pro- 
portion. The validity of the estimate may be 
questioned on the basis of lack of knowledge of 
the bremsstrahlung spectrum shape. Two reason- 
able choices showed that the correction is almost 
independent of this shape. 

The mean energy (EZ) of the spectral band 
used is the energy of the average quantum. The 
average quantum is found by weighting the 
relative number of quanta at each energy of an 
assumed bremsstrahlung spectrum with an 
estimated cross section variation. Reasonable 


10F, Perrin, Comptes rendus 197, 100 (1933); L. V. 
Groshev, J. Phys. U.S.S.R. 5, 135 (1941); P. Nemirovsky, 
J. Phys. U.S.S.R. 11, 94 (1947). 

1K. M, Watson, Phys. Rey. 72, 1060 (1947). 


choices for the spectrum and cross section pro- 
duced very slightly different values for EZ. The 
form used for the spectrum in the forward direc- 
tion is one due to Schiff which, expressed in 
intensity, is 


T =8{2(1—E/Eo) (loge—1) 
+(E/Eo)*(loge—3)}, (4) 
where 


E=quantum energy in spectrum, 
Eo=electron energy generating spectrum, 
1/é=1/e;?+1/e2’, 
€; >= (2Eo/mce?) [ (E/E) = oa 
and e.=191Z-4. 


When the cross sections have been calculated 
for E with the corrections indicated, the absorp- 
tion coefficient is 


T= N(ecompton + O pair) ’ (S) 


where JN is the number of atoms per cc of the 
absorber. N was determined from measurements 
of the dimensions and mass of each absorber. 


DEVIATIONS FROM THEORETICAL PRE- 
DICTIONS 


The measured absorption coefficients of both 
copper and lead are appreciably different ‘from 
those calculated as above, whereas the agreement 
is quite good for aluminum and iron. It is felt 
that no important change in either the Compton 
or pair-production cross sections could occur 
between iron and copper; hence the discrepancy 
at copper should be ascribed to some other ab- 
sorption process. Copper was specifically chosen | 
as an absorber in the attempt to demonstrate the 
absorption resulting from the (y,”) process. If 
the indicated discrepancy, which' involves a 
cross section of about 10-*° cm’, is ascribed to 


12 Private communication from L, I. Schiff to D, W. 
Kerst, 











this process, the agreement with other deter- 
minations® is good for the highest energy but 
otherwise poor. More data will be required to 
ascertain this behavior, especially relative to 
absorption in iron. 

The discrepancy in lead, on the other hand, 
indicates the absorption in Jess than that pre- 
dicted by theory. The correction for screening 
would appear in this direction, but theoretically 
(see reference 5(b), pp. 197-198, 201) this is not 
appreciable below 25 Mev in lead. Thus, it would 
appear that the accuracy of the formulas (2) and 
(3) should be questioned. 

The Klein-Nishina formula is an exact calcu- 
lation on which many detailed tests have been 
performed* at lower energies. One would feel 
that this formula should still be accurate in this 
energy range. 

The calculation of the pair-production cross 
section, however, involves the Born approxima- 
tion in which it is assumed that Ze?/hv<1. In the 
case of lead, the least value of this quantity is 
82/137 =0.60, which does not fulfill the stated 
assumption. Thus, it seems reasonable that this 
formula may be in error. If all of the discrepancy 
is attributed to the pair-production calculation, 
then the fractional discrepancy in the theoretical 
pair-production cross section may be written: 


(r/N) — FCompton 





Opair 
where 7 is the measured absorption coefficient 
and FCompton) Opair are both theoretical values. 


The energy dependence of the discrepancy is well 


fitted by ie 
5 =0.0482 exp(0.0277E/mce’), 


as indicated in Table III. It is possible that the 
agreement in the case of iron absorbers is just 


18 J. McElhinney (to be published). 
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TABLE III. The discrepancy, 6, in lead at three mean 
energies. 











E (Mev) 11.04 13.73 19.10 
6 exptl. 0.088 0.100 0.136 
6 fitted 0.0878 0.1022 0.1360 








chance agreement occasioned by equality in 
magnitude of the discrepancy 6 at Z=26 and, 
typically, the atomic (7y,”) cross section. If this 
is not the case, and if the leading coefficient in 6 
contains a Z" term, the agreement in iron rules 
out ” smaller than 3. Experiments with other 
elements, preferably of Z>60, will help deter- 
mine this dependence. It should be noted that at 
the highest energy the discrepancy in lead is 
larger than the whole Compton effect con- 
tribution by about 3 times the experimental 
probable error. Thus, one is at least forced to 
admit some inaccuracy in the pair-production 
calculations. Preliminary experiments using ura- 
nium absorbers show a larger discrepancy 6 
with a similar energy dependence. More work is 
required here to obtain a value for the absorption 
coefficient which has a reasonably small experi- 
mental error. 
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Paramagnetic Resonance Absorption in Chrome Alum* 


Davip HALLIDAY AND JOHN WHEATLEY 
Department of Physics, University of Pittsburgh, Pittsburgh, Pennsylvania 
(Received August 14, 1948) 


Measurements have been made of relative values of the imaginary part of the high frequency 
susceptibility of both the ammonium and potassium salts of chrome alum at room temperature 
and of the potassium salt at 90°K. The value of the ground state splitting for each of the salts 


was then calculated using Weiss’ theory. 





ELATIVE measurements have recently been 
reported of the room temperature paramag- 
netic susceptibility of single crystals (both dilute 
and normal) of hydrated chrome ammonium 
alum and hydrated chrome potassium alum at 
9375 mc/sec., for various orientations of the 
crystal with respect to the steady external 
magnetic field.1 We wish to report relative meas- 
urements of the imaginary part X’’, of the high 
frequency susceptibility for undiluted single 
crystals of both the above salts at room tempera- 
ture, and of chrome potassium alum at 90°K.? 
As in earlier experiments,’ the experimental 
arrangement consisted of a low power, square- 
wave modulated oscillator part of whose output 
passed through a resonant cavity containing the 
alum crystal and was finally absorbed in a de- 
tecting crystal. The fundamental component of 
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Fic. 1. Relative values of X’’ for a chromium potassium 
alum single crystal at 9375 mc/sec. and 25°C. The crystal 
was oriented so that the perpendicular field was parallel to 
the 001 direction. The main peak is an unresolved doublet. 


* Publication number 5p-48. Assisted by the Joint Pro- 
gram of the Office of Naval Research and the Atomic 
Energy Commission. 

1C, A. Whitmer, R. T. Weidner, and P. R. Weiss, 
Phys. Rev. 73, 1468 (1948). 

2D. Halliday and J. Wheatley, Bull. Am. Phys. Soc. 23, 
13 (1948). 

3R. L. Cummerow, D. Halliday, and G. E. Moore, 
Phys. Rev. 72, 1233 (1947). 


the alternating potential wave form appearing 
across the detector was amplified, rectified, and, 
after suitable ‘‘bucking out,’ displayed as a 
galvanometer deflection. It can be shown that 
this deflection is proportional to X’’. This arrange- 
ment avoids certain complications which arise 
when the bucking out is done at the high 
frequency.! 

The absorption curves for chrome potassium 
alum at room temperature with the external 
magnetic field oriented so as to be parallel to the 
001 and 111 directions of the crystal are shown in 
Figs. 1 and 2. The curve for the ammonium alum, 
111 orientation, is shown in Fig. 3. The curve for 
the 111 direction of the potassium salt at 90°K 
is shown in Fig. 4. The ground-state splitting was 
calculated from Weiss’ theory‘ in terms of the- 
positions of the central, the low-field and the high- 
field peaks of Figs. 2, 3 and 4. Another value of 
the splitting may be obtained from the low-field 
peak of the 001 direction curve, using a theory 
due to Kittel’ as well as that of Weiss. The 
splitting value derived from this peak, however, 















































7 
P| fc 1 \ 
ot \ 
I: Lay ime 
‘ea ie 





5000 





PE AR FIELO 


Fic. 2. Relative values of X”’ for a chromium potassium 
alum crystal at 9375 mc/sec. and 25°C. 


4P. R. Weiss, Phys. Rev. 73, 470 (1948). 
5C. Kittel, Phys. Rev. 73, 155 (1948). 
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Fic. 3. Relative values of X’”’ for a chromium ammonium 
alum crystal at 9375 mc/sec. and 25°C. 


is more sensitive to a small error in the peak posi- 
tion than is the case above. 

It can be shown that, if one uses the value of g 
(the Lande splitting factor) derived from the 
central peaks of Figs. 2, 3, and 4, the values of 
ground state splitting, 5, computed from the 
theories of Weiss or Kittel, are independent of an 
error of a constant factor in magnetic field 
strength H. The value of g, however, does depend 
on an accurate knowledge of H. Our absolute 
fractional probable error in magnetic field meas- 
urement is about 0.6 percent. 

Table I shows our results, based on measure- 
ments of 16 different crystals. The superscripts 
show the relative weights. 

Our results for potassium alum at room tem- 
perature are in agreement with those of Bagguley 
and Griffiths’ who obtain 0.12 cm™, using a 
similar method. As Weiss and collaborators! 


*D. M. S. Bagguley and J. H. E. Griffiths, Nature 160, 
532 (1947). 
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Fic. 4. Relative values of X” for a chromium potassium 
alum crystal at 9375 mc/sec. and 90°K. 


point out, differences between our results and 
theirs can probably be accounted for by differ- 
ences in the nature of the interference effects be- 
tween absorption peaks. Both groups agree that 
the ground state splitting for the ammonium 
alum is 10 percent greater than that for the 
potassium alum. Our low temperature result 


TaBLE I. Computed chrome alum level splittings. 








Ground state splitting—cm™~! 
Low High Low 





Tempera- peak peak peak 
Salt ture g 111 111 001 mean 
K 25°C 1.97 1228 §=.1228 0.127! .122. 
K 90°K 1.98 174 .20! 18 
NH; 25°C 1.97 1358 1328 0.143! .134 








(0.18 cm-) is to be compared with the value 0.16 
cm7! reported by Gorter,’ using a different 
method. 

We wish to acknowledge the continued en- 
couragement of Dr. A. J. Allen. 


7C. J. Gorter, Paramagnetic Relaxation (Elsevier Pub- 
lishing Company, Inc., New York, 1947). 
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Thermal Voltages of a Quartz Crystal 
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The thermal charges and voltages which arise in a piezoelectric material because of its heat 
energy have been computed. The calculations were made for a quartz bar, and include also some 
of the effects of the measuring circuit. Measurements of the thermal noise voltage of a quartz 
bar having a natural frequency of 36.6 kc/sec. were made with a specially shielded and filtered 
amplifier. Completely successful separation of the thermal voltage from the first-stage tube 
noises was not achieved. However, fairly good agreement between measured and computed 
crystal thermal voltage was obtained with one amplifier when it was adjusted to have a high 
input impedance. Measurement of the thermal voltage appears to offer a means of securing 
rough values of piezoelectric coefficients at room temperature and higher. 





I. INTRODUCTION 


HE Debye theory of specific heats regards 

the internal heat energy of an elastic solid 

as being distributed among the various normal 

modes of oscillation. For a piezoelectric material 

such as crystalline quartz, the elastic stresses 

associated with each normal mode will produce 

electric charges and voltages having the same 

frequency as that of the normal mode. In what 

follows, these will be referred to as thermal 
charges and voltages. 

In a recent article, Lawson and Long! proposed 
that a quartz crystal be used as a thermometer, 
for which the thermal voltages would serve as 
the thermometric property. They suggested that 
it would be possible to measure very low tem- 
peratures (of the order of 0.0001°K) with such a 
thermometer. 

Lawson and Long computed the thermal volt- 
age for a long, thin quartz bar, by assuming that 
the long-time average potential energy of the 
fundamental longitudinal mode was kT /2. Sub- 
sequently, Brown and MacDonald? pointed out 











Fic. 1. Equivalent circuit of unloaded quartz bar 
near a natural frequency. 


1 A. W. Lawson and E. A. Long, Phys. Rev. 70, 220, 977 


(1946). 
2 J. B. Brown and D. K. C. MacDonald, Phys. Rev. 70, 


_ 976 (1946). 


that the same result could be got by applying 
Nyquist’s theorem to the equivalent circuit of 
the bar. Near its natural frequency, the motional 
part of the equivalent circuit can be represented 
by a series resonant circuit. 

Gerjuoy and Forrester* studied how the com- 
ponents of a resonant circuit would have to be 
selected in order that its thermal voltage would 
be large in comparison with the noise voltages 
of a typical commercially available amplifier 
tube. They concluded that temperatures as low 
as 2°K could be measured provided the resonant 
circuit had a capacitance of 0.02 uf and a natural 
frequency of 1600 c.p.s. 

We have undertaken a study of these thermal 
voltages, and have made quantitative measure- 
ments of them, with a view toward possible 
applications to the measurement of piezoelectric 
constants as a function of temperature, as well 
as toward investigating the feasibility of use for 
thermometric purposes. Since an amplifier is 
required for measurement of the voltages, we 
centered our attention on methods of allowing 
for the amplifier noise. This noise voltage was 
comparable with the thermal voltages of the 
quartz crystal bar which we used in all our 


measurements. 
II. CALCULATION OF THERMAL VOLTAGES 
1. Parallel R—C Circuit 


The mean-square thermal voltage, |v|?, which 
exists between any two points of an electrical 


3E. Gerjuoy and A. T. Forrester, Phys. Rev. $1, 375 
(1947). 
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THERMAL VOLTAGES OF A QUARTZ CRYSTAL 


network can be obtained from Nyquist’s theorem : 
d|v|?=(2kT/x) R(w)dw, (1) 


in which & is Boltzmann’s constant, T the abso- 
lute temperature of the network, w the circular 
frequency (hereinafter called ‘‘pulsance’’), and 
R(w) the real (resistive) component of the im- 
pedance between the points in question. 

Of especial interest is the case of a resistance 
R and a capacitance C in parallel ;* the thermal 
voltage of this circuit is useful for checking the 
performance of noise-measuring apparatus. Ap- 
plication of Eq. (1) to such a circuit gives for 
the total thermal voltage (caused by all fre- 
quencies from 0 to ~) 


|v] 2=kT/C, 


a result which can also be obtained by equating 
the thermal voltage energy of the condenser, 
(1/2)C|v| 2, to (1/2)kT in accordance with the 
principle of equipartition of energy. If a filter 
consisting of a simple circuit in parallel resonance 
at pulsance wo, is used at least one stage of 
amplification (with a flat amplifier) beyond the 
R—C combination, the thermal voltage is re- 
duced to 


kT woRC 
jo| = (2) 
€ qL1+ (woRC)?]+woRC 


where gq; is the Q of the filter circuit at wo. Here 
the overall gain from the amplifier input to the 
amplifier output (including the filter) has been 
normalized to unity at wo. 





2. Quartz-Crystal Bar 


At a natural frequency of a mechanically un- 
loaded quartz crystal bar, an equivalent® lumped 
electrical circuit is that shown in Fig. 1. The 
motional inductance Z; and capacitance C; de- 
pend on the type of cut, mode of vibration, and 
dimensions of the bar ; the motional resistance R, 
represents the losses in and from the bar and 
its associated mount. The shunt branch C, is 
the sum of Cp)’, the clamped capacitance of the 


*E. B. Moullin, Spontaneous ustagtiens of Voltage 


(Clarendon Press, Oxford, 1938), Chap. I 
5 W. P. Mason, Electromechanical Transducers and Wave 
ey (D. Van Nostrand Company, Inc., 


New York, 
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bar with its electrodes, and Cy)’, the input 
capacitance of the measuring circuit (see Fig. 2). 
The ‘“‘capacitance ratio,” ¢c=C ’/Ci, is independ- 
ent of the dimensions of the bar and is about 125 
for the fundamental mode of an X-cut plate in 
thickness vibration or an X-cut Y-bar in longi- 
tudinal vibration. 
The impedance looking into the crystal cir- 
cuit is 
1 j 1/j 
z= ; RitjoLliti/joCi 3) 


Co 
* retiobt (444) 





Substitution of the real part of Z, into Eq. (1) 
and integration gives 
kT Ci 


| V| 2=—- 
Co Cot Cr 


(4) 





The derivative, (d|v|?/dw), varies with fre- 
quency in the same manner as the voltage 
squared across the capacitance of a simple series 
resonant circuit (having the same Q) driven at 
a constant voltage. The maximum value of 
(d|v|?/dw) for the crystal occurs at w=wo, where 


Coli 


wo?Ly = 1, 


Cots 


d|v|? 2q0 
(= =—|V|? ’ 


max 7W9 





and equals 





where go=wol1/R:. At 
1 dlv|? 17d|v|2 

wo (1+—)oo, --( ) ‘ 

2g0 dw 2 dw max 


Thus the thermal voltage output of the crystal bar 
is localized in a very narrow band of frequencies 
centered at the anti-resonant pulsance wo. 
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Fic. 2. Equivalent circuit of crystal connected to amplifier. 








1716 





| 














Filter 


Crystal Amplifier 


Fic. 3. The circuit of Fig. 2 rearranged as a series 
circuit and connected to filter. 


The total voltage-squared can be expressed in 
terms of the constants of a rotated X-cut bar by 
substituting for C,; and Cy in Eq. (4). The value 
of Ci is 

8 | dis’ |? Lob 

1 =e ee aie 

wr? Soo # l; 
where 1,,, 1, and J; are the width, length, and 
thickness of the bar and dy,’ and se2’¥ are the 
appropriate piezoelectric and elastic constants 
(see for example Mason‘). If the crystal is not 
shunted by external capacitance C)”’, then 


where ¢ is the clamped dielectric constant. With 
these substitutions Eq. (4) becomes 


|dio’ |? J Co 
| V| 2 128-——_-—-kT-—_——_, 
Cot Ci 





(5) 


which differs from the result of Lawson and 
Long,! who found the numerical factor 327? 
rather than 128, and who also omitted the factor 


Co/(Cot+Ci) ~1. 
3. Effect of Amplifier Input 


When interpreting the results of measure- 
ments of thermal voltage of a crystal it is 
necessary to allow for the effect of the input 
characteristics of the amplifier. In what follows 
it will be assumed that the input resistance of 
the amplifier is at the same temperature as the 
crystal. 

Ordinarily one would consider the amplifier 
input as a parallel R—C circuit (Fig. 2), and the 
R and C would be reasonably independent of 
frequency. When the noise caused by a resistance 
connected in parallel with a capacitance is being 
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measured, the effect on the noise of these input 
characteristics is easily computed. However, 
computation of the thermal voltage of the crystal 
circuit of Fig. 2 is difficult. It is easier to consider 
the circuit of Fig. 3, in which the equivalent 
series characteristics C; and R; are computed at 
the anti-resonant pulsance, wo, of the crystal and 
are considered to be independent of frequency. 
This is permissible since during all measurements 
the output of the amplifier is filtered (to in- 
crease the signal-to-noise ratio). Application of 
Nyquist’s formula to the circuit of Fig. 3, in 
which the filter is a parallel resonant circuit 
tuned to wo, gives 


kT Ci qg 


[Vj f=— 


C; CitC; ateay 


where g=wol;/(Ri+R;). Whenever g>>q; and 
woR;C; is small, Eq. (6) reduces to the simpler 
Eq. (4). Here the over-all gain from the amplifier 
input to the amplifier output (including the 
filter) has been normalized to unity at wo, and gq; 
is the Q of the filter at wo, as before. 


(1 +wo?RiR:C,?). (6) 





4. Voltage Sensitivity of Crystal 


Equation (4) shows that the integrated mean- 
square voltage developed across the crystal is 
very small, even on open circuit. Furthermore 
|V|.2 cannot be increased indefinitely by de- 
signing the crystal for larger C,;. With the 
notation Cy=Cy’+C,”’ (Fig. 2), differentiation 
with respect to Co’ of Eq. (4) shows that | V]|? 
has a maximum approximately at Co’ = Cy’. Thus 
if Co’’ cannot be reduced below say 10 yuf, then, 
since Co’/C, +125, 


kT 
| V| tenes) KO (mks units). 


At room temperature, | V| t¢maxy 0.93 wv. and 
at 0.01°K, | V| t¢naxy ¥ 0.0054 vv. Such small mean 
voltages may be expected to suffer’ considerable 
fluctuation of instantaneous value. 

From Eq. (4) we have 


|qi?=kRTC, 


for the mean-square charge on (Co. At room 
temperature for a crystal for which Co=10 uuf 
(C,=0.08 yuuf), |g| amounts to about 160 elec- 
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trons and at 0.01°K to about 1 electron. At least 
some part of the fluctuations of galvanometer 
readings described in Section III can be ascribed 
to the small numbers of electrons involved in 
developing the voltages across Co. 


5. Background Noise 


The thermal voltages considered above are so : 


small that special attention must be given to 
amplifier noise. That part of the mean-square 
noise voltage which originates in the plate circuit 
of the first tube and in subsequent stages of the 
amplifier system will be called the residual noise. 
It is usually assumed to be independent of what 
impedance is connected between grid and cathode 
of the first tube. By connecting the grid directly 
to the cathode, the residual noise can be meas- 
ured and then subtracted from all other mean- 
square noise-voltages measured with the same 
amplifier system. 

The noises which originate in the grid circuit 
of the first tube are due to (1) thermal agitation 
in the resistive component of the tube’s input 
impedance, (2) shot effect, (3) flicker effect. It is 
clear that the total background noise at the grid 
will depend on the external impedance (such as 
that of the quartz bar) connected between grid 
and cathode. 

Equation (6) in effect, allows for the thermal 
agitation referred to in (1) above, provided the 
resistive component of the tube’s input im- 
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pedance is at the same temperature as the 
quartz bar. This condition can be realized ap- 
proximately if a resistance is shunted across the 
quartz bar and considered to be part of the 
tube’s input impedance. 

It does not appear feasible to compute the 
noise caused by shot effect and flicker effect. For 
the measurements reported in Section III at- 
tempts were made to select the operating condi- 
tion of the tube so that the grid current would be 
as small as possible during measurement of 
thermal voltages. 

The usual method of allowing for background 
noise® during measurements of thermal voltages 
in impedances which are mostly resistive is by 
the introduction of a calibrating voltage in 
series with the unknown voltage. This method is 
difficult to apply in the present case because of 
the very rapid variation of the crystal impedance 
with frequency indicated in Eq. (3). The method 
was not used. 


Ill. RESULTS OF MEASUREMENTS 


Measurements of the thermal voltage gener- 
ated at room temperature were made on a quartz 
crystal bar having a natural frequency of 36.6 
kc/sec. when vibrating longitudinally in its fun- 
damental mode. The bar had dimensions of 


_7.0X0.70 X0.101 cm. The thickness dimension 


(0.101. cm) was parallel to the x axis (electric 
axis). The two rectangular faces perpendicular to 
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6AKS5-tube input. The open cir- 
cles represent measurements for 
about 11.9-yuf in parallel with 
the input resistances shown. The 
dotted line is computed from 
Eq. (2). The solid circles repre- 
sent measurements on the crystal 
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the electric axis were plated with gold. The 
length dimension (7.0 cm) made an angle of 
—18.5° with the y axis (mechanical axis). For a 
bar of given size having its large flat faces per- 
pendicular to the x axis, this orientation yields 
the lowest frequency for the fundamental mode. 

The bar was mounted in air between spherical 
contacts located at the geometrical centers of its 
flat faces. Direct measurement (with a Q-meter 
technique) of the series-chain capacitance yielded 
C,=0.142 yyf at a room temperature of 23°C. 
This value is in good agreement with the value 
computed from the known physical constants of 
quartz and the dimensions of the bar. Direct 
measurements of the Q of the bar gave values 
near 20,000. 

The calculated clamped capacitance of the 
bar is about 19 yuuf. However, the bar was 
mounted in a metal box and was always con- 
nected to an amplifier when measurements were 
made, and so the capacitance Cy was always 
greater than 19 uf. 

Several different first-stage amplifiers were 
used. In every case, the crystal was connected 
between the grid and ground leads, The arrange- 
ment of the remaining stages and filter network 
of the amplifier system was the same for all 
measurements. It consisted of a four-stage bat- 
tery-operated amplifier, followed by the filter 
network. The filter consisted of a high Q inductor 
and variable air capacitor, both connected in 
parallel with a high impedance a.c.-operated 


amplifier. The filter was tuned to pass various fre- 
quencies by adjustment of the variable capacitor. 
The output of the a.c.-operated amplifier was 
applied to a thermojunction which was connected 
to a wall galvanometer. 

Special attention was paid to the shielding and 
disposition of ground wires for the system. 
A heavy iron box, having separate compartments 
for the crystal holder, first-stage amplifier, two 
of the battery-operated stages, and batteries, 
was used to provide electrical and mechanical 
shielding. 

The amplifier system was calibrated by apply- 
ing known voltages to the first-stage amplifier’ 
terminals and. reading the corresponding galva- 
nometer deflections. These measurements also 
showed that the system had accurately a square- 
law response. Impedance measurements, when- 
ever required, were made with a Q-meter tech- 
nique. 

All measurements were made at a room tem- - 
perature near 296°K, and for a filter Q of about 
300. The filter was always tuned to the natural 
frequency (36.6 kc/sec.) of the bar. 

For the first attempts at measurements of 
thermal voltage, a type 9002 tube was used with 
a cathode-follower hook-up for the first-stage 
amplifier. Figure 4 shows the results in this 
case. 

There is agreement between the measured and 
computed thermal voltages when the input con- 
sisted of a resistance and capacitance in parallel 
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(no crystal). However, when the crystal was also 
connected to the input, the measured thermal 
voltage was much greater than expected, and it 
was surmised that this was due to the shot 
effect of the d.c. component of the grid current. 
It did not seem feasible to make quantitative 
allowance for this effect. 

The second measurements were made with a 
type 6AK5 tube as the first-stage amplifier. 
A pentode connection with a “floating” control 
grid was used.’ The results are shown in Fig. 5. 

As before, there is agreement between the 
computed and measured thermal voltages when 
no crystal is in the circuit. When the crystal was 
connected to the input, the measured thermal 
voltage was greater than the computed value 
when the amplifier input resistance was less than 
one megohm, but fairly good agreement obtained 
for input resistances greater than one megohm. 
Since this amplifier had a very small control grid 
current, it is difficult to explain the excessive 
noise on the basis of shot effect at the grid. In 
addition, if the excess noise were due to shot 
effect, the mean-square voltage should have be- 
come greater as the input resistance was in- 
creased, whereas experimentally the opposite 
occurred. : 


7™V. L. Parsegian, 6AK5 and 954 tubes in ionization 
chamber pulse amplifiers. Rev. Sci. Inst. 17, 39 (1946). 
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IV. SUMMARY 


Calculations have been made of the thermal 
charges and voltages which, in a piezo-electric 
material such as crystalline quartz, arise because 
of the heat energy distributed among the various 
normal modes of oscillation. The calculations 
were made for a quartz bar, and include also 
some of the effects of the electrical measuring 
circuit to which the crystal might be connected. 

Measurements of the thermal noise voltage of 
a quartz bar having a natural frequency of 
36.6 kc/sec. were made with a specially shielded 
and filtered amplifier. Two different pre-amplifier 
tubes were tried in an effort to separate the 
crystal thermal voltage from the inevitable tube 
noises. Although completely successful separation 
of the thermal voltage from the tube noises was 
not achieved, fairly good agreement between 
measured and computed crystal thermal voltage 
was obtained with one pre-amplifier when it was 
adjusted to have a high input impedance. 

Measurement of the thermal voltage appears 
to offer a means of securing rough values of 
piezoelectric coefficients at room temperature 
and higher. However, it does not appear that 
the thermal voltages are a suitable thermometric 
property for measurement of very low tempera- 
tures. The precision of measurement could prob- 
ably be improved if crystal filters were used. 
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The Lifetime of the Heavy Meson 
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Radation Laboratory, Berkeley, and Department of Physics, University of California, Los Angeles, California 


ESONS of mass about 300m, have been 
produced by the 380-Mev alpha-particle 
beam of the 184-inch cyclotron.! These mesons 
are susceptible to r—y-decay.? A preliminary 
investigation has been made of the loss of 
negative mesons from a beam of these particles, 
and since this beam is moving in a region at a 
pressure of 10-° mm Hg, the assumption is 
made that this loss corresponds to the r—y-decay 
process. 

The alpha-particle beam in the cyclotron is in 
a horizontal plane. A target of s-inch graphite 
is provided, and then the mesons are selected by 
_ a semicircular spiral channel which rises 3 inch 
vertically in one semicircle (180 degrees). At 
this point six photographic plates are exposed. 
The horizontal projection of the channel has an 
inner diameter of 4.5 inches and an outer 
diameter of six inches and is oriented in such a 
way that it selects negative mesons whose initial 
horizontal component of velocity is in the same 
direction as the alpha-particle beam at the target. 
A similar channel is provided for mesons spiraling 
downward at an equal angle, but it is unob- 
structed at the 180-degree position. These mesons 
then spiral downward, passing one inch below 
the center of the target and through another 
channel to the 540-degree position, having 
dropped 1.5 inches in 1} turns. At this point 
another set of six plates is exposed simultane- 
ously with the first. The ratio of the number of 
mesons in these two sets of plates when corrected 
for geometry will give the loss of mesons in the 
time corresponding to one revolution in the 
magnetic field. This ‘‘cyclotron” time is inde- 
pendent of the speed of the meson. The desirable 
360-degree focusing properties mean that in a 
uniform magnetic field the geometrical correction 
is simply a factor of three in the above case. 
Because the experiment was done in the fringing 


(1988) Gardner and C. M. G. Lattes, Science 107, 270 
2C. M.G. Lattes, G. P.S. Occhialini, and C. F. Powell, 
Nature 160, 453, 486 (1947). 


(Received October 21, 1948) 
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field of the cyclotron, room was left in the second 

part of the lower channel for the slight precession 
caused by this non-uniform field. The effect of 
the vertical focusing forces due to the fringing 
field was investigated theoretically and also 
experimentally by performing the experiment at 
different cyclotron radii. Most of the data were 
taken at a cyclotron target radius of 76 inches 
where the alpha-particle energy is 350 Mev. At 
this radius the correction for vertical focusing 
is negligible compared to the statistical uncer- 
tainty in the experiment. In order to check the 
possible presence of any unknown asymmetry, 
the channels were interchanged, so that the 
180-degree channel spiraled down, and the 540- 
degree channel spiraled up. No difference could 
be detected and the two situations are repre- 
sented with approximate equality in the final 
results. In each case a simultaneous background 
exposure was made at the 540-degree position in 
a channel which was an extension of the 180- 
degree channel. The plates placed here would 
record any mesons whfich originated in places 
other than the target. This background was 
negligibly small. 

The following ingenious method for deter- 
mining the ratio of the solid angles was conceived 
and executed by Dr. Wolfgang K. H. Panofsky 
and Mr. Ernest Martinelli. In order to check 
whether the above factor of 3 which corresponds 
to loss due to vertical divergence only and 
assumes identical focusing properties at 180° 
and 540° is actually correct, an experiment was . 
performed using alpha-particles from a plu-- 
tonium source in place of the mesons. Any loss 
of particles due to channel imperfections or 
other considerations would be detected in this 
manner. The experiment was performed by 
mounting a thick plutonium source of activity 
10° counts/second in place of the graphite target. 
The size of the source ($’’#}’’) was chosen to 
represent as accurately as possible the target 
height and beam penetration into the target. 
The resultant assembly was exposed using type 
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E-1 Ilford photographic plates inclined at 48° 
to the beam in place of the meson plates used in 
the main part of the experiment. This assembly 
was exposed in the cyclotron vacuum with full 
field for eight hours with the source and oscillator 
of the cyclotron inoperative. Since the alpha- 
source is thick, it will give rise to a continuous en- 
ergy spectrum from which only a narrow band is 
selected by the channel. Since the dynamics of the 
particles depends only on the Hp, the difference 
in e/m of the mesons as compared to alpha- 
particles does not enter here, inasmuch as only a 
narrow angle range and energy range is accepted. 
The ratio of alpha-particles in the 180-degree posi- 
tion and the 540-degree position was then ob- 
tained by measurement on the alpha-particle 
plates by scanning over the identical vertical 
height at which the meson plates were exposed. 
The resultant curve indicates that the ratio is not 
exactly 3.0, as it should be in the ideal case 
but is actually 3.2 when weighted in accordance 
with the observed meson distribution. This small 
deviation produces a small correction to the 
meson half-life which has been used in the final 
results. 

Some 250 plates have been exposed during the 
course of the investigation. Although a check 
was made on the thickness of the emulsion in 
the individual plates, the number of plates usetL 
was so large that the resulting correction was 
very small. Fortunately, the background of 
neutron recoils, etc., in the photographic plates 
was practically identical in the 180-degree and 
540:degree positions, so that the search for 
mesons was made under identical conditions. 
The 18 plates of a run were all developed at 
once and received identical treatment. 
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Although all the mesons observed had a range 
consistent with a mass in the neighborhood of 
300m,, it was decided to count only those mesons 
which ended in stars. Forty-eight star-producing 
mesons were observed in the plates at 540 
degrees whereas the number expected on the 
basis of the experimental geometry ratio would 
be 92. The latter number is based statistically 
on a count of 254 mesons. Assuming a mass of 
286m, for the meson, the time for one revolution 
turns out to be 7.2X10-® second. Therefore, the 
number of mesons obtained, together with the 
assumption mentioned earlier, indicates that the 
half-life of the star-producing negative mesons 
ey) X10-* second, 
where the error indicated is the statistical stand- 


ard deviation.* The mean life is (13) 


for m—y decay is 


—.22 
X 10-* second. 

The writer takes pleasure in acknowledging 
his gratitude to Dr. E. Gardner and Dr. C. M. 
G. Lattes for their kind suggestions and instruc- 
tion in the use of their technique for investigating 
mesons. Thanks are due Mr. A. Bishop and 
Mr. F. Adelman and the cyclotron crew for help 
in making the bombardments. Thanks are also 
due Mr. Donald C. Stewart for the preparation 
of the alpha-particle source. The writer is 
grateful to Professor Ernest Lawrence for en- 
couragement and for the opportunity to work in 
the Radiation Laboratory. This work was per- 
formed under the auspices of the Atomic Energy 
Commission. Most of the meson measurements 
were made at Los Angeles on a microscope 
furnished under ONR project NR022-053. 


3 Camerini, Muirhead, Powell, and Ritson, Nature 162, 
433 (1948). - 
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Observations Associated with the 
Reaction B!!(p,d)* 


EmMETT L. HUDSPETH AND CHARLES ‘P. SWANN 


Bartol Research Foundation of The Franklin Institute, 
Swarthmore, Pennsylvania 


October 18, 1948 


HE bombardment of boron with deuterons leads to 

the formation of a radioactive isotope which decays 

with the emission of beta-rays of maximum energy about 

0.02 Mev! and with a half-life of 0.02 seconds.? The reaction 

involved has been ascribed to B"(d,p). We have recently 

made certain observations concerned with this reaction, 
and the results may be summarized as fellows: 

1. The yield of beta-rays has been obtained as a function 
of bombarding voltage in the interval from 250 to 1800 
kilovolts. The beta-rays were detected by coincidence 
counters which recorded particles of energies above about 
3 Mev. The yield was found to rise rapidly with bombard- 
ing voltage up to about 0.6 Mev, as previously observed ;! 
beyond this region the rate of change of yield is much 
smaller, becoming nearly negligible at 1.6 to 1.8 Mev. 
No resonances of appreciable intensity were observed. 

2. The shape of the excitation curve at the lowest 
bombarding voltages was carefully observed, and the best 
fit, assuming the Gamow penetration formula and various 
values of Q, was determined. Over a limited region, it was 
found that the experimental data corresponded most 
nearly to Q=0.1 Mev. The agreement between the 
observed and theoretical curve was not so satisfactory in 
the present case as it had been in the corresponding Li?(d,p) 
reaction for which Q was determined by the method just 
mentioned.? It seemed certain, however, that in the 
B"(d,p) case the value of Q is positive. 

3. It appeared from the observations cited above that 
we might be able to observe the protons from the B"(d,p) 
reaction directly. We bombarded a thin aluminum foil 
onto which a thin film of boron had been evaporated. The 
scattered deuterons and products of transmutation were 
observed at 90° to the bombarding beam by putting 
photographic plates inside the vacuum system. With a 
bombarding voltage of 1.67 Mev, two groups of particles, 
with mean ranges of 14.3 and 18.9 microns, were observed ; 
the first group corresponds to the scattered deuterons and 
the second is ascribed to the protons from the reaction. 
An aluminum foil with no coating was also bombarded, 
and only the group of scattered deuterons appeared on the 
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plates. From these data, we find Q=0.15 Mev, in satis- 
factory agreement with our previous rough estimate. 
Using other mass values tabulated by Bethe,‘ we find 
that the mass of B"” is 12.01927, with a tentatively esti- 
mated error of 0.00004 mass units. This indicates a mass 
difference between B” and C” of 14.5 Mev; the end point 
of the beta-ray spectrum of B” is about 12 Mev,"5 which 
indicates that C” may be left in an excited state of about 
2.5 Mev.® 

4. A search has been made for beta-gamma-coincidences. 
The beta-rays were detected with two counters and the 
gamma-rays with a third counter; all three of the counters 
fed into a triple coincidence circuit. We have evidence 
for a beta-gamma-coincidence rate which would verify 
the above possibility, but work is continuing toward 
measuring the energy of the gamma-ray and in extending 
our other observations. Full details ant curves will be 
published later. 

* Assisted by the Joint Program of the Office of Naval Research 
and the Atomic Energy Commission. 

1D. S. Bayley and H. R. Crane, Phys. Rev. 52, 604 (1937). 

2R. ~ Becker and E. R. Gaerttner, Phys. Rev. 56, 854 (1939). 

3L. Rumbaugh, R. B. Roberts, and L. R. Hafstad, Phys. Rev. 
54, “sr (1938). The -value for the lithium reaction has been more 
accurately determined by a recent observation of the protons by E. 

. Strait, C. G. Stergiopoulos, and W. W. Buechner, Bull. Am. Phys. 
Soc. 23, No. 4, 8 (1948). 

4H.A. Bethe, Elementary Nuclear Theory (John Wiley and Sons, Inc., 
New York, 1947). 

5 F, L. Hereford, Phys. Rev. 74, 574 (1948). 

6 This possibility has been pointed out previously by M. S. Livingston 


and H. A. Bethe, Rev. Mod. Phys. 9, 327 (1937); see also H. A. Bethe, 
F. Hoyle, and R. Peierls, Nature 143, 200 (1939). 
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ECENT calculations by Tiomno and Wheeler show 
that one can get the right order of magnitude of 
lifetimes for 6-decay of u-mesons! and for the K capture of 
these mesons by nuclei,? if a Fermi coupling is assumed 
between y-mesons and leptons*® as between nucleons and 
u-mesons. In these calculations y-mesons are, of course, 
assumed to have spin #/2. We wish to point out a reason- 
able interpretation of the so-determined nucleon-y-meson 
coupling constant in terms of a nucleon-x-meson coupling 
assumed to be responsible for nuclear forces. A coupling 
between the two-meson fields is then required by the 
u-decay of heavy mesons‘ and will be of the same nature 
as the nucleon-x-meson coupling. It has, as a consequence, 
an interaction between yu-mesons and nucleons analogous 
to the well-known potential energy of nucleons as deduced 
from the current meson field theory. We here assume that 
a-mesons have spin 0 and are described by a pseudoscalar 
field as suggested by the assumption that z-mesons are 
responsible for the nuclear forces. This interaction can 
give rise to the capture of negative yu-mesons by nuclei. 
The transition probability for the disintegration of a 
a-meson at rest 
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where the m’s are the masses of particles (1); E,=c[(poc)? 
+(my,c)*}, and similarly for Eo; G:* and G2? are the square 
of the constants of the pseudoscalar and pseudovector 
couplings, respectively, in Ac units. The transition proba- 
bility for K capture of a u-meson by a nucleus was esti- 
mated to have the following form: 
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p(E) =p(W)/m,c?=number of final nuclear states per 
unit energy interval; gz is the coupling constant between 
m-mesons and nucleons similar to G2. The terms in g:Gi 
and giGe of the potential energy of proton+p™ give no 
contribution to , if the nucleons are treated non-relativ- 
istically. The u-meson wave functions were assumed to be 
plane waves with wave vectors Km,c/h and the effect of 
the nuclear Coulomb field on w~ was taken into account? 
by the K-orbit probability density at the nucleus. We 
assumed tentatively J~Z and thus A, is roughly propor- 
tional’ to Z*. From g*~10~, as indicated by the theory 
of nuclear forces, and from m,=200m., Z~12, and 
Ae~0.5-108 sec.!1, we obtain: (I) G?~0.7-10-%, for 
m,/m,=1.65; (II) G2~0.3-10-", for mz/my~1.32. In 
case I, the neutral particle associated with the charged 
u-mesons has a mass of the order 100m,; in case II, it is 
a neutrino. 

As the term in g; (coupling between pseudoscalar 
quantities of u-mesons and nucleons) does not contribute 
to the non-relativistic nuclear potential energy, we may 
assume gi=0 and correspondingly G,;=0. This and the 
above values of G2 give the following estimates for the 
lifetime of a x-meson at rest which disintegrates into a 
u-meson and a neutral fermion: (I) rxy~4-10~® seg, for 
m,/my~1.65 (fermion=yo-meson with mass ~100m,); 
(II) tey~0.4-10-* seg, for m,/m,~1.32 (fermion =neu- 
trino). 

The further assumption of a direct interaction between 
m-mesons and electron-neutrinos re-establishes Yukawa’s 
picture of the 6-decay of nuclei. A pseudoscalar x-meson 
field gives rise to only transitions of the Gamow-Teller 
type, and the corresponding f-decay probability of a 
neutron is the following: 


=H WoL, 


where: 


»_ 8 myzc?/m\* ‘\2. 3 a 
oi oP i Nims (g2G2’)?; Li= Ine; 
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G,’ is the coupling constant analogous to Gz; f(Wo) is the 
statistical factor for B-decay.* An estimate of G,’ from the 
lifetime of He® gives G2’~107, i.e., of the same order of 
magnitude as Ge. If, by analogy with g:~G:~0 we also 
assume G,’~0, it follows that \,.~0; and so one should 
expect that the 8-decay of a z-meson is a rare event. One 
sees immediately that the present scheme of interaction 
gives rise to a B-decay of u-mesons through the x-meson 
field. However, the rate of decay as calculated on this 
picture is much too low and it is, therefore, necessary to 
assume also a direct coupling of (e, v) and (u, yo), fields of 
the strength determined purely phenomenologically by 
Tiomno and Wheeler, as Fermi’s coupling constant. Our 
calculations are, however, based on a provisional assump- 
tion, namely, that x-mesons give rise to the nuclear forces, 
and thus carry with it the unsatisfactory features of the 
present meson theories. 

Finally, the x-mesons might consist of a Mgller-Rosen- 
feld mixture of pseudoscalar and vector mesons.’ In this 
case, one would be tempted to correlate the masses of 
elementary particles within M¢ller’s* five-dimensional 
formalism of the mixed theory. This formalism ‘introduces 
@ new universal constant, a length d, and all particles 
which interact with Mgller’s field, including those of the 
field itself, are capable of different rest masses given by: 


ee y 


where n=O, 1, 2, ---. The attractive assumption that 
charged y-mesons are electrons in an excited state corre- 
sponding to n=1 gives: 


(3) 


d~1.2-10-2 cm. (4) 


The next higher states would be electrons with masses of 
the order 400m., 600m., 800m., etc. Application of (3) 
and (4) to x-mesons gives (if m,;~280m, corresponds to 
n=0): 


Mei~365me; Me2~550m, (for n=1, 2, respectively). 


However, as the proton Compton wave-length is small 
compared to (4), (3) would lead to a fine structure of the 
excited proton masses; Mj, for instance, is ~1.005Mbo. 
This effect has not been detected and thus does not 
correspond to reality. 


* Communicated to the Brazilian Academy of Sciences, June, 1948. 

1 J. Tiomno and John A. Wheeler, Rev. Mod. Phys. (in press). 

2 Private communication. The author is indebted to Professor John 
A. Wheeler and Mr. J. Tiomno for their kind permission to quote 
ars is term proposed by Mller to designate electrons and 

e ado e y lesignate electron: 
neutrinos, af. L. Rosenfeld. Nuclear Forces I (Interscience Publishers, 
Inc., New York, 1948), page xvii. 

4A. S. Lodge, Nature 161, 809 (1948). 

5 J. A. Wheeler, Phys. Rev. 71, 320 (1947). 

*H. A. Bethe and L. W. Nordheim, Phys. Rev. 57, 998 (1940). 

7 After most of this work was complete, the author was informed by 
Mr. Tiomno that a similar assumption was made by C. eo | and 
J. Prentki, J. de phys. et rad., = (1948). Their results indicate, 
as communicated to me by Mr. Tiomno, an appreciable percentage of 
a-mesons which decay into leptons. In our case (pseudoscalar theory), 


this decay should not be detectable, which follows from our assumption 
Gi ~0; a value of Gi’ comparable to G7 would give \re >Aryp. 
8 C, Mgller, Kgl. Danske Vid. Sels. Math. Fys. Medd. 18, N. 6 (1941). 
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Paramagnetic Resonance Absorption in Aqueous 
Solutions of Manganese Sulfate* 


Davip HALLIDAY AND JOHN WHEATLEY 


Department of Physics, University of Pittsburgh, 
Pittsburgh, Pennsylvania 


October 15, 1948 


ARAMAGNETIC resonance absorption has been 
observed in aqueous solutions of manganese sulfate! 
contained in thin-walled glass tubes placed along the axis 
of a cylindrical cavity oscillating in the TEoo mode at 
9375 mc/sec. Because the electric field is zero along the 
axis of this cavity,? electric losses in the sample are not 
large enough to prevent observation of the magnetic 
losses. As in previous experiments,’ the experimental 
arrangement consisted of a square-wave modulated, low 
power oscillator, part of the power from which passed 
through the resonant cavity and was absorbed by a 
detecting crystal. The voltage output of this crystal was 
bucked against that of another crystal whose output 
voltage was proportional to the power output of the 
oscillator. The output of the bucking-out circuit was, as 
before, amplified, rectified, and then compared with a 
stable d.c. voltage, the difference between the two being 
indicated as a galvanometer deflection. It can be shown 
that these deflections are proportional to x’’, the imaginary 
part of the high frequency susceptibility of the sample. 
Resonance absorption has been observed in manganese 
. sulfate solutions for various concentrations, a typical 
curve being that shown in Fig. 1. As concentration in- 
creases, the half-width of the absorption curve also 
increases. The value of the magnetic field for maximum 
absorption decreases as the concentration of manganese 
ions in the water solution increases. The magnetic field 
was calibrated against the proton moment and the mag- 
netic induction for maximum absorption as shown in Fig. 1 
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is.believed to be accurate to +15 gauss. Measurements are 
being continued with apparatus of greater sensitivity. 

We wish to acknowledge the continued assistance and 
encouragement of Dr. A. J. Allen. 

* Publication number 6L-48. Assisted by the Joint Program of the 
Office of Naval Research and the Atomic Energy Commission. 

1D. Halliday wt bat my Bull Am. Phys. Soc. 23, shan, (1948). 


2 Collie, Hasted, and Ritson, Proc. Phys. Soc. 60, 71 
* Cummerow, Halliday, and Swed Phys. Rev. 72, 1233 (1947). 





A New Naturally Occurring Isotope 
of Dysprosium 
Davip C. HEss, JR. AND MARK G. INGHRAM 


Argonne National Laboratory, Chicago, Illinois 
October 14, 1948 


HE isotopic constitution of dysprosium was first 

studied by Aston! who found isotopes at masses 161, 

162, 163, and 164. Later, Dempster,? working with a spark 

source, discovered the rare isotopes at masses 158 and 160. 

This paper reports work leading to the discovery of an 
additional rare isotope at mass 156. 

Three separate chemical preparations of dysprosium 
oxide were studied with a mass spectrometer using tech- 
niques previously described.’ All three samples showed 
ion currents at mass 156, which could be explained only by 
postulating a previously undetected naturally occurring 
isotope in dysprosium of mass 156 present to about 0.05 
percent of the total. 

The first sample investigated was prepared by Dr. J. K. 
Marsh of Oxford. The optical spectrographic analysis, 
supplied with the sample, indicated the presence of praseo- 
dynium, gadolinium, terbium, and holmium in detectable 
quantities. When this material was placed on the filament 
of a surface ionization type of mass spectrometer source, 
it gave currents corresponding to the metallic and metallic 
oxide ions of the known isotopes of dysprosium and a 
number of weaker currents corresponding to impurities of 
cerium, lanthanum, europium, samarium, and ytterbium 
which were present as impurities in addition to those 
optically detected. However, in spite of the known presence 
of all these impurities and consideration of other possible 
impurities, the peak observed at mass 156 in the metallic 
ion group could not be explained. It could conceivably 
have been due to Gd!56, Ce!#9O16 La189Ol7, or Bal88O18, 
Gadolinium was ruled out since the neighboring isotope at 
mass 157 was many times too weak to account for the 
156 observed. Lanthanum was ruled out since the neigh- 
boring isotope at mass 155 was likewise too weak to 
account for the 156 observed. Ba was ruled out since it 
does not emit as the oxide. Cerium, however, could not be 
easily ruled out since it emits only as the oxide and since 
its other strong peak is masked by Dy" *, In order to 
study this possibility, it was necessary to utilize the fact 
that the ion emission from a surface ionization source varies 
from element to element with time and temperature. 
When the ion currents were observed continually as the 
temperature of the emitting surface was raised, the im- 
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purity current corresponding to mass 156 decreased rapidly 
from 0.3 percent to 0.05 percent of the total dysprosium 
content and thereafter remained constant. This indicated 
that the residual peak of 0.05 percent was not Ce°0'6, 
and that it was probably due to a previously undetected 
isotope of dysprosium of mass 156. It does not, however, 
rule out the faint possibility that the cerium fractionates 
to a fixed ratio with the dysprosium and _ thereafter 
remains constant. Study of the 156 position in the oxide 
group of ions with this sample was not possible due to the 
lower intensity of this group and to the presence of gado- 
linium and ytterbium impurities. 

In order to check further the possibility that the cerium 
impurity might be the cause of the current at mass 156, 
a second sample of dysprosium oxide was obtained from 
Dr. E. R. Tompkins of Oak Ridge. This sample had been 
prepared in an ion exchange column. With this method of 
purification, impurities are expected to be only the adjacent 
elements. The optical analysis supplied with the material 
showed impurities of terbium and gadolinium as ‘“‘weak”’ 
and erbium as “very weak.” The mass spectrometer 
analysis showed in addition ion current corresponding to 
holmium, lathanum, and samarium. With this sample, the 
156 peak appeared initially at 0.05 percent and remained 
constant throughout the run. However, as with the 
previous sample, it was not possible to obtain the addi- 
tional verification of the isotope by observing the DyOt 
position because of the gadolinium impurity. 

A final sample of much higher purity prepared by the 
ion exchange process was obtained from Dr. D. H. Harris 
of Oak Ridge. No rare earth ions other than the known 
dysprosiums and the new peak at mass 156 were detectable 
‘ to greater than one part in seventy thousand. Again with 
this sample the ion current appeared initially at 0.05 
percent and did not change detectably with time or 
temperature. It was possible with this sample to observe 
the Dy'**Q0!* position free of impurities. The abundance 
was again about 0.05 percent of the total dysprosium 
isotopes. 

We therefore conclude that dysprosium has a previously 
unknown isotope of mass 156 which is present to about 
0.05 percent of the total. A future publication will give 
more accurate data on the abundance of this rare isotope 
and new values for the abundances of the remaining 
isotopes. 

1F, W. Aston, Proc. Roy. Soc. 146, 46 (1934). 

2A. J. Dempster, Phys. Rev. 53, 727 peer. 


3M. G. I rome R. J. Hayden, and D. 
72, 967 (1947 


. Hess, Jr., Phys. Rev. 





The Gamma-Ray Spectrum from F!*+H! Using 
Photographic Emulsions Containing D,O 


GERSON GOLDHABER 
Department of Physics, University of Wisconsin, Madison, Wisconsin 
October 13, 1948 


NE method of measuring gamma-ray energies is to 
observe the range in photographic emulsions of the 
protons from the photo-disintegration of deuterium. The 
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Fic. 1. (A) Emulsion A. Histogram of 109 tracks found on 26 mm? 
of nuclear emulsion exposed to F19%(pa’,y)O!* gamma-rays while wet 
with D2O, Ep=2.6 Mev. (B) Emulsion B. Histogram of 20 tracks 
found on 16 mm? of nuclear emulsion exposed together with emulsion 
A while wet with H2O (control emulsion). 


major problem of the method is to load the emulsions 
with sufficient deuterium. Gibson, Green, and Livesey! 
have realized 6 percent DO by weight by using emulsions 
loaded with Ca(NO3)2 and D.O as water of crystallization. 
In the present investigation, by soaking Ilford (C2200yz, 
stripped) nuclear emulsions in D.O, from 30- to 80-percent 
D,.O by weight can be introduced into the emulsions, 

Emulsions containing approximately 50-percent D,O 
were exposed while wet to F!%(pa’,y)O'® gamma-rays 
obtained by bombarding a thick CaF: target with 2.6-Mev 
protons from the Wisconsin electrostatic generator. The 
maximum exposure that could be tolerated before back- 
ground gamma-ray fog interfered with the track measure- 
ments was 0.2-u ampere hours. 

Two emulsions were exposed together; emulsion A was 
soaked in D,O and emulsion B (control emulsion) in H:O 
for 5 minutes. They were then placed perpendicular to the 
proton beam, at a distance of 6 and 8 mm, respectively, 
from the target, and with 1.8 g per cm? of intervening 
material. 

As a provisional range energy relation in wet emulsions, 
the “range in wet emulsions (R.)’’ was converted to 
“equivalent range in dry emulsions (Raz)” by taking 
Ra=0.93Rw. This is based on a rough calibration with 
d-d neutrons at E,=4.25 Mev. The range energy relation 
given by Lattes, Fowler, and Cuer* was then used for Rg. 

Results. On emulsion A and B 26 and 16 mm’, respec- 
tively, were viewed in the microscope, and 109 and 20 
tracks, respectively, were measured (Fig. 1A and 1B). 

All tracks found with angle of dip a<50° were measured. 
Corrections (factor second a) being applied to those tracks 
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Fic. Number of photo-proton tracks in nuclear emulsion from 
Dai due to F!9(pa’,7)O1* gamma-rays, corrected for background, 
as a function of the photo-proton energy Ep’. The corresponding 
gamma-ray energy Ey is also shown. R.m.s. errors are indicated. 
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with a>15°. No attempt was made to get accurate data 
on the tracks of length <20u. Most of these may be caused 
by alpha-particles (from radioactive contaminations in 
the emulsions). In Fig. 2 the number of tracks of length 
>20u on emulsion A, corrected for background (from 
emulsion B), has been plotted against the energy of the 
photo-protons E,’. The corresponding gamma-ray energy 
is also given, assuming the simplified relation: 


E=2E,'+2.2 Mev. 


The position of the two peaks obtained at about’6 and 7 
Mev agrees with the recent results of Walker and Mc- 
Daniel.* The relative intensities of the two peaks is ~1. 
Neglecting variations in the cross section for photo- 
disintegration of the deuteron, this is compatible with a 
smooth extrapolation of the relative intensities as a func- 
tion of proton energy as given by Walker and McDaniel. 

Further work is in progress to improve the technique 
and to apply it to gamma-ray spectra. 

The author wishes to thank Professors R. G. Herb and 
H. T. Richards for many helpful discussions and their 
continued interest in this work. The work was supported 
in part by the Wisconsin Alumni Research Foundation 
and in part by the Atomic Energy Commission. 

1 Gibson, Green, and Livesey, Nature Contes) 160, 534 (1947). 


2 Lattes, Fowler, and “, Proc. Phys. Soc. (Lond ion) 59, 883 (1947). 
3 R. L. Walker and B. D. McDaniel, Phys. Rev. 74, 315 (1948). 





The Elastic Constants of Beta-Brass* 


Davip LAZARUS 
Institute for the Study of Metals, University of Chicago, Chicago, Illinois 
October 8, 1948 


HE elastic constants of 6-brass have been measured 
at 25°C as part of an investigation of the elastic 
properties of solids at high pressures. Inasmuch as the 
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TABLE I. Adiabatic elastic constants of beta-brass. 











Constant Present Previous 
Ci: (in dynes/cm?) 1.279 X1012 0.520 X10!2 dynes/cm? 
Ciz 1.091 0.335 
0.822 1.730 








present values differ markedly from the previously ac- 
cepted values,! it seems worth while to report them at this 
time. 

Large single crystals of 3.5-cm diameter and 10-cm 
length were grown from the melt in graphite crucibles. 
Small sections of about 2-cm diameter and 2.5-cm length 
with faces parallel to (100) and (110) planes were cut from 
the large crystal. The orientations were determined by 
back-reflection diffraction pictures. Chemical analysis of 
the crystals gave a composition of 51.06 percent Cu, 
48.94 percent Zn, by weight. The measured density of the 
crystals was 8.297 g/cm‘. 

The elastic constants were measured at 12-mc using the 
pulsed ultrasonic technique employed by Huntington? 
and others. Using this technique with (100) and (110) 
crystals, independent measurements are obtained Cu, 
$(Cir—Ciz), (Cur +Ci2+Cas), and Cas (twice), from which 
the three principal elastic constants C11, C12, and Ca, may 
be calculated, with two internal checks. The results are 
shown in Table I compared with those of Good. 

Computed shear modulus G and isothermal compressi- 
bility K are shown in Table II, compared with experi- 
mental values measured on polycrystalline 6-brass. 

The values of compressibility and shear modulus com- 
puted from the present constants are in good agreement 
with measured values. The measured value of G quoted in 
Table II is subject to some considerable uncertainty as a 
result of preferred orientation of grains in the specimens 
measured. 

In addition, the theoretical difficulties in interpreting 
the previous anomalously large value for Cas, pointed out 
by Zener,’ are removed. 

The values of the elastic constants given in Table I 
have been corrected for slight misorientation of the crystal 
specimens. The internal consistency of the measurements 
in such that the two measured values of Ca check to 
within +0.1 percent, and the two computed values of 
Ci2 to within +0.5 percent. 

The data are also corrected for the thickness of the 
quartz crystal transducer used in these measurements. In 
this connection, it may be remarked that previous investi- 
gators using this technique** have not discussed this 


TABLE II. Compressibility and shear modulus of beta-brass. 











Modulus Present (calc.) Previous (calc.) Measured 
K (in cm?/dyne) 0.913 X10-2 2.52 0.913*; .93** 
G (in dynes/cm*) 0.387 X10 0.740 0.342*** 















* P. W. Bridgman, Proc. Am. Acad. 70, 285 (1935). 
** R, F. Mehl and’B. J. Mair, J. Am. Chem. Soc. 50, 55 (1928). 
a oar” J. Druyvesten and J. L. Meyerling, Physica, VIII, 9, 1059 
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TABLE III. Young’s modulus for beta-brass. 














Modulus Present (calc.) Rinehart 
Ein (in dynes/cm?) 1.990 X10 2.105 
E110 0.794 0.755 
E100 0.283 0.258 











correction. If one assumes that it has not been made, it is 
of the right order of magnitude to explain the small but 
consistent discrepancy between the results of Galt and 
Huntington, and those of Durand.® 

Values for Young’s modulus in various directions com- 
puted from these data are compared in Table III to those 
measured by Rinehart® for single crystals of 8-brass. 

The differences between the values of Young’s modulus 
as measured by Rinehart and the present computed values 
can be explained on the basis of a 4 percent difference in 
the value of the shear modulus $(Ci:—Ci2), which is 
extremely small for 8-brass. Small differences in composi- 
tion between Rinehart’s specimens and those used in the 
present investigation may account for this discrepancy. 

Because of the self-consistency among the present data 
and the good correlation between the calculated and 
measured values of the isothermal compressibility, the 
values for the elastic constants reported here appear to be 
preferable to those reported by Good. It is possible that 
the large discrepancy between the present value for Cu 
and that of Good, obtained using a composite oscillator 
technique, arises from the existence of an impure mode 
involving coupling between torsion and flexure in Good’s 
specimen. Apparently, this effect, although known to 
Good, was not thoroughly investigated. Any error in 
Good’s determination of C4, is, of course, reflected in his 
values for Ci: and Cys, since he computed the latter from 
the former in conjunction with Rinehart’s values for 
Young’s modulus. 


* This research was sragerted in part by the Office of Naval Research 
one Contract N-6-ori-20-XX. 


W. A. Good, Phys. Rev. 60, 60 5S (1941). 
+H. B. Hun nm, Phys. ag 72, 321 (1947). 
3C, M. Zener, hys, Rev. 71, 846 (1947). 
‘i. K. Galt, Phys. Rev. 73, 1460 (1948). 


5M. A. Durand, Phys. Rev. 50, 449 (1936). 
6j.s. Rinehart, Phys. Rev. 58, 365 (1940). 





The Beta-Decay Spectra of B!* and Li® 


W. F. Hornyak, C. B. DouGHERTY AND T. LAURITSEN 


Kellogg Radiation Lebepaters. California Institute of Technology, 
. California 


"aaa 11, 1948 


HE beta-spectra of Li® and B® are of considerable 
interest partly because of the large energy changes 
involved and partly because of the light they may shed on 
the excited states of the residual nuclei, Be* and C”. It 
has been known for some time that the decay of Li* leaves 
Be? in a broad excited state with about 3-Mev excitation, 
and the alpha-particles resulting from the decay of this 
state have been extensively studied.+** Since B” is pre- 
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sumed to decay primarily to the ground state of C®, 
the shapes of the two spectra should be quite different 
near the high energy end, the Li® spectrum tailing off 
gradually to correspond to the alpha-particle distribution. 
Attempts to match the alpha- and beta-spectra of Li® 
have been inconclusive, largely because of the inadequate 
data available in the latter case. We have now studied 
the beta-spectra of Li* and B” more intensively, using a 
magnetic lens spectrometer, in the region from 500 kev to 
well above their end points. The beam from an electro- 
static accelerator was brought directly into the vacuum 
chamber of the spectrometer to bombard suitable targets 
for the production of the radioactive elements. Li® (0.89 
sec. half-life) was prepared by bombarding a thin evapo- 
rated lithium metal deposit on a 9-mg/cm? copper foil, 
with 770-kev deuterons, employing the reaction Li’(d,p)Li*®. 
B® (0.025 sec. half-life) was similarly prepared through 
the reaction B"(d,p)B" by bombarding a thin evaporated 
BO; deposit on a 9-mg/cm* copper foil with 1200-kev 
deuterons. The deuteron beam was periodically interrupted 
by means of a mechanical shutter operated on a 2-second 
cycle in the Li® studies, while an electrostatic deflector 
with a period of 1/60 sec. was used for the B” experiments. 
The detector counter circuit was arranged to count only 
when the beam was off the target. This technique was 
adopted to eliminate the large neutron background from 
the prolific (d,n) reactions accompanying both main 
reactions and to eliminate background due to any prompt 
-radiation. 

In order to check the effect of electron scattering in the 
spectrograph itself, the positron spectrum of N™, produced 
by the reaction C"(d,p)N", was run, using a thin soot 
target sandwiched between two layers of 0.2-mg/cm? Be 
foil.* A Kurie plot of the data yielded a straight line from 
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Fic. 1. Momentum spectra of electrons from Li* and B?2, 
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Fic. 2. Kurie plot for B!. 


just below the end point of 1.202+0.005 Mev to about 
0.2-Mev kinetic energy, comparing well with the recent 
work of Cook, Langer, Price and Sampson.‘ No electrons 
were observed above the end point except for a slight 
tailing due to the instrument resolution of 2.6 percent. 

The momentum distributions obtained for B™ and Li® 
are shown in Fig. 1. The possibility of scattering from the 
copper foil was checked by evaporating a thin lithium 
metal deposit on a 0.2-mg/cm? beryllium foil and running 
the low momentum end of the Li® spectrum again. No 
noticeable difference was found down to the lowest 
momentum plotted in Fig. 1. Figure 2 shows the Kurie 
plot for the B” spectrum. A straight line fits the higher 
energy end of the spectrum quite well from a total electron 
energy of 12m? nearly to the end point of 27.30moc* 
(13.43+0.06-Mev kinetic energy). This determination of 
the end point is in good agreement with the value 13.3+0.5 
Mev obtained by Hereford® using an absorption method. 
The slight tail just at the high energy end of the spectrum 
can almost entirely be accounted for by the instrument 
resolution: The deviation of the plot from a straight line 
below a total energy of 12moc? is very marked. 

The Kurie plot for the spectrum of Li® is shown in Fig. 3. 
It will be seen that there is difficulty in passing a straight 
line through even a small portion of the spectrum. The 
deviation from linearity at the high energy end is much 
more pronounced than for the B” spectrum and cannot be 
ascribed to the instrumental resolution. The extrapolation 
of the best straight line fit to the spectrum gives an end 
point of ~25.8moc* (~12.7-Mev kinetic energy). Since 
the available energy in the decay of Li® is 15.98 Mev, 
this result is consistent with the alpha-particle data and 





Li® KURIE PLOT 


= 25.8 m,c* 











5 2 5 20 
Vip rota. EweRcy (UNITS OF m,c*) 


Fic. 3. Kurie plot for Li’, 


indicates that few, if any, transitions occur to the ground 
state. A more detailed analysis is necessary to determine 
more accurately the location and width of the excited 
state in Be® and in particular a matching of the B-decay 
spectrum with the spectrum of the alpha-particles should 
now be possible. Work 6n these points is now in progress. 

This work was assisted by the Joint Program of the 
Office of Naval Research and the Atomic Energy Com- 
mission. 

* We are indebted to Dr. H. Bradner of the University of California 
for the Be foils. 

1W. A. Fowler and C. C. Lauritsen, Phys. Rev. = 1103 (1937). 

2 Smith and Chang, Proc. Roy. Soc. A166, 415 (1938). 

3 Bonner, Evans, Malich, and Risser, Phys. Rev. 73, 885 (1948). 


4 Cook, Langer, Price, and Sampson, Phys. Rev. 74, 502 (1948). 
5 Frank L. Hereford, Phys. Rev. D4, "574 (1948). 





About the Positive Excess of the Hard 
Component of Cosmic Ray 


I. F. Quercia, B. RIsPoLt, AND S. SCIUTI 


Instituto di Fisica dell’'Universita di Roma, Centro di Fisica Nucleare 
del C.N.R., Italy 


October 18, 1948 


ITH the experimental equipment already described 

in a previous letter,! other measurements of the 
positive excess of the penetrating component have been 
taken. Five flights were made at 5000 m and eight at 
7300 m. During the latter, both in the climbing and in the 
descending flights, a control count was taken at 5000 m. 
The duration of the flights covered 7$ hours at 5000 m 
and the same for the flights at 7300 m. The coincidence 
resolving time during the flights at 5000 m was 20 usec. 
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At 7300 m this was reduced to 2 usec. to reduce, as much 
as possible, random coincidences which would also increase 
with height. 

The results of all measurements taken at 5000 m agree 
very well with the earlier measurements.! The results are 
summarized in bulk in Table I. The indicated errors 
represent as usual the root mean square difference, con- 
sidering separately the data taken during every. flight; 
the figures in brackets represent the statistical errors 
evaluated upon the total recorded coincidences. N,.,. and 
Naa are, respectively, the coincidences per minute when 
both magnetic lenses converge the positives and the 
negatives; 5 refers to the observed “experimental effect,” 
ie., the ratio (Nec— Naa)/(Nec+Naa). Of course, it differs 
from the “‘true positive excess’’ because of the momenta 
of particles involved.! Coincidences (A—B) refer to particles 
having an energy greater than 230 Mev, whereas coinci- 
dences (A—B-C) and (B-C) refer to particles having an 
energy of over 460 Mev. We frequently observed a notice- 
able difference between the counts with twofold coinci- 
dences (A-B) taken during different flights. This is 
especially marked at 7300 m, and is clearly shown by a 
comparison of the statistical error and the root mean 
square difference. Experiments carried out prove that 
these differences cannot originate in instrumental errors. 
Therefore, the reason probably will be some physical cause 
at present not very clear. The lack of sufficient data of 
the meson spectrum at 7300 m as well as rather large 
errors forbid at this time any evaluation, even rough, of 
the positive excess at high altitudes. Nevertheless, meas- 
urements of coincidences (A—B) and (A-B-C) indicate 
that 6 does not increase appreciably from 5000 m to 7000 m. 
Since recent experiments of Moore and Brode? show that 
the meson spectrum taken at 7000 m has a greater quantity 
of low energy particles than the same spectrum taken at 
5000 m,*? we draw the conclusion that there is a decrease 
of positive excess above 5000 m. This result may appear 
rather strange. But there is a very plausible interpretation 
if we take into account all the available data about the 
positive excess and particularly that obtained by Ballario, 
Benini, and Calamai (this issue). Indeed, if we assume 
the multiple generation of mesons,‘ we can explain that 
the number of mesons generated by a proton in one 
process decreases with the decreasing of proton energy. 
This would explain the increase of positive excess with 
altitude and the corresponding decrease with the zenithal 
angle. On the other hand, if we assume that the proton- 


Tass I. 








Coine. (A-B) Coinc, (B-C) Coine. (A-B-C) 

N, ec Naa 6 N. ce N. dd 6 N. ee N. dd 6 
at 15.84 15.40 0.03 14.64 14.28 S . aa e P 28 0.07 
+0.20 +0.16 +0.01 +0.16 +0.24 +! +0.02 
on (0.12) (0.12) (0.01) (0.12) (0.12) +. *) +. oe) +. 08) (0.02) 





z 
ee 


54.60 48.20 0.13 43.20 = 2 ‘ame 2 15.96 14.00 0.14 
5100 m 1.64 +1.40 +0.04 +0.92 +£0.88 +0.28 +0.05 
(0.56) (0.52) (0.01) (0.44) +0: 40) +0: 01) +0. 40) (0.36) (0.03) 


“= 0.13 oe 59.76 0.05 20.84 18.52 0.12 
2 +0.11 +2.24 +240 +0.05 +0.36 +0.56 +0.05 


Sys 


at 
7300 m Soo 


(0.80) * O84) (0.01) (0.56) (0.56) (0.01) (0.40) (0.32) (0.08) 
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neutron interaction is of ‘the type of exchange forces, as 
the recent experiments in Berkeley seem to indicate, it is 
very likely that the locally generated mesons do not show 
any positive excess. On the contrary, they contribute in 
diluting the positive excess connected with the first 
processes of generation. This may explain the results at 
7000 m. 

We wish to express our gratitude to the ‘Stato Maggiore 
dell’Aeronautica Militare Italiana,’’ and to the pilots and 
all the personnel of the ‘‘Nucleo Sperimentale’’ of Guidonia 
for their careful assistance. Special gratitude is due Captain 
V. Somenzi, who performed with skill all controls 
and measurements during the flights at 7000 m 
electronic equipment was kindly supplied by Dr. M. A. 
Tuve, Director of the department of terrestrial magnetism 
of the Carnegie Institute. We are also deeply indebted to 
Professor G. Bernardini for his invaluable assistance and 
advice given while the experiment was carried on. 

yg Rispoli, and eo Phys. Rev. 73, 516 (1948). 

D. C. Moore and R. B. Brode, Phys. Rev. 73, 532 (1948). 


‘fam Schein, and Barbour, Phys. Rev. 73, 1419 (1948), 
4 Lewis, Oppenheimer, and Wouthuysen, Phys. Rev. 73, 127 (1948). 





On the Positive Excess of the Meson Compo- 
nent at Sea Level under Different 
Zenithal Angles 


C. BALLARIO, M. BENINI, AND G. CALAMAI 


Istituto di Fisica dell’Universita di Roma, Centro di Fisica Nucleare del 
C.N.R.—Istituto Fisico dell’ Universita di Firenze, Italy 


October 18, 1948 


E have observed the positive excess of the meson 
component sea level at different zenithal angles with 
the intention of detecting how the positive excess is distribu- 
ted in the meson spectrum. If we assume that in our meas- 
urements the particles are mainly generated near the top of 
the atmosphere, the initial energy of the particles reaching 
the telescope should increase with increasing zenithal 
height. At the same time, the decay processes should not 
change the positive excess for a definite meson energy. 
The experimental device was similar to that usually 
employed by the Rome group.! The total thickness of the 
iron bars (26 cm), of which the magnetic lenses consisted, 
involves a cut in the meson spectrum at an energy of 
3.5X 108 Mev. At each inclination of the counter telescope 
the contribution of the lateral showers was measured. 
We distinguish the following kinds of measurements: 


N.ec—both magnetic lenses converging the positive 
particles. 

Naa—both magnetic lenses converging the negative 
particles. 

N-a—the first lens converging and the second diverging 
the positive part. 

Na-—the first lens converging and the second diverging 
the negative part. 


The results are given in Table I. In the last column the 
measurements of the lateral showers are given. A con- 
venient measure of the positive excess is the quantity 
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Tanz I. Expertmental results. h is the distance to the top of the atmosphere in 
meters of water equivalent. S is the magnitude of the lateral showers. 








&’ kh Nee Naa Nea Nae 8 
Coinc./Min. Coinc./Min. Coinc./Min. Coine./Min. Coine./Min. 





0° 10 1.689+0.027 1.527+0.027 1.467--0.027 1.399+-0.026 0.070--0.004 
30° 12 = 1,141+-0.015 1.065+-0.018 0.9854-0.015 0.988+0.017 0.079+-0.004 
45° 14.1 0.702+0.011 0.668+0.012 0.644+0.010 0.631+0.010 0.073+-0.003 
60° 20 0.33620.008 0.32540.08 0.318+0.08 0.309--0.09  0.059+-0.003 








given by 


5=2(Nee— Naa)/(Nee+ Naa). 


Furthermore, from the measurements N-a, and Na. we can 
deduce 


+= 20(Nee— Nea)/(Nee+Naa)], 
o~=2[(Naa— Nac)/(Nee+Nea)]. 


The last two expressions give us the percentage of the 
particles of both signs with such an energy as to undergo 
the deflection in the magnetized iron in relation to the 
number of particles arriving. The values of 6, o,, o— are 
given in Table II. The effect 6 for ¢=0° is in excellent 
agreement with that of Jones,? Hughes,* and Bernardini, 
Conversi, Pancini, and Wick,! as well as with that of 
Quercia, Rispoli, and Sciuti.4 

The measurements N.g and Na. which determine o, and 


o— are independent of those which enter the value of 6. . 


They confirm the values obtained for 64 itself. 

In the fourth column of Table II the value of 6 is 
calculated, from the theory of Wick. We took into account 
here the variation of the intensity of the meson component 
with the zenithal height and the deformation of the 
spectrum due to the absorption of mesons. ® is the angle 
between the axes of the telescope and the vertical; @ and 
g are, respectively, the colatitude and the longitude of 
the direction of incidence of a particle with respect to a 
polar axis which has the direction of the magnetic field in 
the iron. 

The number of particles N available for coincidences is: 


n=f f f J(E, 8, oe, 0, e)dE sinedédy, 


(1) 


where J(E, 6, y)dE is the number of particles of energy 
between E and E—dE and of direction given by 8, ¢. 
=(E, 6, v) is the effective cross section of the instrument, 
which depends obviously upon EZ, B and upon the geo- 
metrical configuration of the instrument. Here we use the 
formulas for J(E, 6, ¢) deduced from those of Euler and 
Heisenberg, and for =(E, 0, ¢) that calculated by Wick. 
In the integration the functions are not considered 
until the value of the energy corresponds to the cut of the 


TABLE II. Values of 6, oy, o-. & is the distance to the top of the 
atmosphere in meters of water equivalent. 








$ 6 
Experimental Theoretical Cc. 





0.079 +0.02 
0.070 +0.02 
0.055 +0.02 
0.054 +0.03 


0.101 +0.02 
0.068 +0.02 
0.048 +0.02 
0.035 +0.02 








THE EDITOR 


instrument. For the positive excess the best experimental 
value available has been taken for the calculations, i.e., 
15 percent.® 

The discrepancy between the results of our calculations 
and the experimental ones seems to indicate that the 
positive excess is not uniformly distributed on the energy 
spectrum. It decreases apparently with the increase of the 
initial energy of the mesons. For example, for 6=70° it is 
reasonable to suppose that most of the incident mesons 
are generated nearly at the top of the atmosphere with 
an energy greater than 4-10% ev (corresponding to 20 m 
of water equivalent), because the primary proton compo- 
nent is absorbed rather strongly. If we calculate the 
positive excess « which gives us some account of the 
experimental effect for #=60°, we find e=6 percent 
(according to the hypothesis of homogeneous distribution 
of e). 

For =0°, with the same hypothesis, to explain the 
observed value of 6, we find that the mesons which arrive 
vertically at the instrument (and have, therefore, energies 
smaller than those to be taken into account for 6=60°) 
must have a positive excess of at least 14 percent. 

A valid indication of this fact is also given by the 
effects ¢,, o- which seem not to remain in a constant 
relation to the variation of the angle. A decrease of the 
positive excess with the increase of the generating energy 
of the mesons from protons seems to indicate that the 
multiplicity increases with the energy. For high energies 
a contribution caused by non-ionizing radiation could 
give a further possible explanation. 

We express our appreciation to Professor Bernardini for 
fruitful discussions on the argument. 

1 Bernardini, Conversi, Pancini, Scrocco, and Wick, Phys. Rev. 68, 


109 (1945). 
2? Haydn Jones, Rev. Mod. Phys. ont bf paar. 


7D. J. Hughes, Phys. Rev. 57, 5' 
«I. Quercia, B. Rispoli, and S. ” Seine, Phys. Rev. 73, 516 (1948). 


5 See G. Bernardini, G. P. baby and N. Cim., to be published. 





Alpha-Decay Systematics of the 
Heavy Elements 


I. PERLMAN, A. GHIORSO, AND G. T. SEABORG 


Radiation Laboratory and 4 ~-% of Chemistry, 
University of California, keley, California 


October 20, 1948 


N the last few years a great number of new isotopes 
have been prepared in the region of the natural 
radioactivities permitting a more extensive view of the 
nuclear properties in this region. In particular, regularities 
in alpha-decay properties can now be seen more clearly. 
More recently, work in this laboratory with the 184-inch 
cyclotron has further extended our view of alpha-decay 
properties by identifying isotopes of the elements in this 
region far on the neutron deficient side of beta-stability. 
Figure 1 shows a plot of alpha-energy vs. mass number! 
in which the isotopes of each element are connected by a 
line. The alpha-particle energies rather than total transition 
energies have been plotted for ease in comparing with data 
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as usually published. It is not possible to give references 
for the many recently prepared isotopes which are shown 
here but these will be found in a review article covering 
all of the isotopes.? 

One feature that is immediately apparent is that each 
element from bismuth to curium shows a nearly parallel 
increase in alpha-energy with decreasing mass number, 








Ll 

220 
MASS NUMBER 
Fic. 1, Alpha-decay energies of the heavy elements. Dotted lines connect isotopes between which gaps exist or cases in which the assignment 
of one of the isotopes is uncertain. A question mark preceding the isotopic symbol designates uncertainty of the energy; following the isotopic 


inty in mass number and atomic number; while when used following the mass number superscript, uncertainty 
alpha-energy of At*!? has been estimated from the half-life and the energies of Bi*!°, Pu!, and Am*? have been calculated 
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starting with the heaviest known isotope of each. In the 
cases of thorium and uranium this regularity extends 
through eight measured isotopes covering mass number 
ranges of nine and eleven, respectively. It is seen in the 
case of uranium that the regularity persists from the 
heaviest beta-stable isotope well into the region of insta- 
bility with respect to orbital electron capture. (The 
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isotopes U?*!, U”*, and U™8 are all unstable in the latter 
sense.) This effect may be visualized from an energy 
surface diagram in which pairs of elements differing by 
Z=2can be compared if it is assumed that a fairly constant 
difference in packing fraction exists between pairs of 
nuclear species on the two contours separated by 5-6 
mass units. Since alpha-decay proceeds between points on 
the two contours differing by four mass units, the energy 


differences between such pairs of points increase with 


decreasing mass number. 

In the lower elements a different phenomenon appears. 
Although the heaviest isotopes of each show the trend 
noted above, the alpha-energies begin to decrease with 
decreasing mass number beyond a particular point. The 
isotopes showing maxima in alpha-energy are, for the 
respective elements, Bi", Po”, and At?!‘ or At”!8, the latter 
being unknown. This trend was noted some time ago for 
polonium isotopes.* However, at still lower mass numbers 
for each element the initial trend of increase in alpha- 
energy with decrease in mass number is resumed. The 
exact trend cannot be followed in the case of bismuth as 
it can for polonium and astatine since no alpha-activity 
has yet been observed over the mass number range 202-210, 
with the possible exceptions of Bi®*® and Bi#°. However, 
the reappearance of alpha-activity at lower mass numbers 
leaves little doubt that bismuth shows the same behavior 
as polonium and astatine. 

In order to explain the course of those curves of Fig. 1 
that go through maxima, and minima it is necessary to 
modify the smoothly varying energy surface by replacing 
in it a depression or ridge (or both), but the exact shape 
and position of the irregularity cannot be determined 
without more data including that of beta-decay energies 
in this region. It is of interest to speculate whether or not 
this irregularity becomes smoothed out above the region 
around lead or extends to the higher elements. It may be 
pointed out that Bi?°*, Po”®, and At", which are situated 
at or near the minima of their respective curves, contain 
126 neutrons, possibly an especially stable configuration.‘ 
* The difficulty of observing this effect for higher elements 
is apparent from the relative positions of the curves for 
each element with respect to the region of beta-stability. 
In the cases of bismuth and polonium it is seen that the 
peak in alpha-energy occurs either in the region of beta- 
stability or on the f--unstable side. It is, therefore, 
possible to prepare and observe isotopes of considerably 
lower mass number. In the cases of the higher elements 
the regions of beta-stability occur at relatively higher mass 
numbers, and the alpha-decay energies are still increasing 
for isotopes which become difficult to prepare and which 
are on the neutron deficient side of beta-stability. However, 
there is some hope for preparing more highly neutron 
deficient isotopes of emanation and francium as decay 
products of highly neutron deficient isotopes: of the 
heaviest elements in the same manner in which At?! 
results from an alpha-decay chair starting with Pa”*. 

It is not possible to discuss in this communication a 
number of other correlations which can be made regarding 
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alpha-decay energies and half-lives and regions of beta- 
stability. These will be dealt with in a later paper. 

Besides the measured alpha-particle energies, some 
others can be calculated for cases in which the alpha-decay 
completes an otherwise known decay cycle of two alpha- 
and two beta-emissions. A few of these have been entered 
in.Fig. 1 for those cases in which indirect evidence for 
alpha-emission has been obtained by observing the growth 
of the daughter. 

This work was done under the auspices of the U. S. 
Atomic Energy Commission. 

1For similar treatment of alpha-decay data see, for example: K, 
Fajans, Radioelements and Isotopes (McGraw-Hill Book Company, Inc.. 
New York, 1931); J. Schintlmeister, Oesterr. Chem. Z. 41, 315 (1938); 


A. Berthelot, LA phys. rad. (Series VIII) 3, 17 (1942). 
Ao T. Seaborg and I. Perlman, Rev. Mod. Phys. 20 (October 1948 
issue 
% For discussion of early work see: K. Fajans, Radioelements and 
Isotopes (McGraw-Hill Book Company, Inc., New York, 1931). 
4 Maria G. Mayer, Phys. Rev. 74, 235 (1948). 





Evidence for a ~,d Reaction in Carbon 


WoLFGANG K. H. PANOFSKY AND ROBERT PHILLIPS 


Radiation Laboratory, Department of Physics, University of California, 
Berkeley, California 


October 19, 1948 


HE reaction C"(p,pn)C" has been investigated at 
proton energies up to 140 Mev in the 184-inch 
cyclotron by Chupp and McMillan! and McMillan and 


Miller,? both as to excitation and absolute cross section. 
The high energy behavior of this reaction is taken as 
evidence for the ideas of Serber,* explaining these processes 
by a direct knockout, gather than a compound nucleus 
process. 

In this experiment excitation curves of this reaction 
were obtained in the region from threshold to 32 Mev using 
the Berkeley linear accelerator. Stacks of polystyrene 
(C,H) foils were bombarded in the beam of the acceler- 
ator; specially molded 10 mil (25 mg/cm) foils were used 
from 32 Mev to 21 Mev, commercial 5 mil and 2.5 mil - 
foils were used from 21 Mev to 16 Mev. All foils were 
weighed and calibrated for uniformity. The 6+ from C” 
were counted in standard geometry in a thin window G-M 
counter and compared with a UO: standard sample. The 
resultant curve is shown in Fig. 1. The absolute cross 
sections were obtained by bombarding a foil at 32 Mev in 
vacuum ahd collecting the protons in a Faraday cup. The 
beam passed through an open cylinder maintained at 
8000 volts in going from the sample to the collector cup, 
in order to suppress secondary electrons. The current to 
the cup was integrated on a low leakage condenser and 
the voltage read on a balanced electrometer. The entire 
electrometer apparatus is in vacuum. Bombardments were 
also made with the sample located directly in the collector 
cup and gave results in agreement with the results obtained 
when bombarding in the beam ahead of the secondary 
electron suppressing cylinder. The result is 


032 Mev= (0.075+0.02) x 10-*4 cm?. 














The probable error is entirely due to the problem of 
absolute evaluation of the B-ray standard. Further work 
on improving the precision of the absolute 8+ count is 
planned. The internal consistency is +0.0004 barn over 
8 runs. 

The energy scale in Fig. 1 was established by the use of 
a range-energy relation in polystyrene as computed by 
Mr. Henrich of this laboratory. To check the correctness 
of this relation, a run was made substituting Al absorbers‘ 
to energies down to 20 Mev and using polystyrene ab- 
sorbers below this point. The resultant points, shown by 
X in Fig. 1, are indistinguishable from the polystyrene 
absorber points. The range-energy relation was checked 
also by absorbing the 32-Mev beam down to the threshold 
of the B"(,2)C" reaction which was found to be 2.97+0.1 
Mev by Haxby, Shoupp, Stephens, and Wells.’ We obtain 
3.0+0.6 Mev, indicating that the accuracy at the end 
point of the CC" reaction is of the order of +0.15 Mev. 
The output energy of the linear accelerator is inferred from 
frequency and drift tube dimensions to be 32.0+0.1 Mev, 
an extrapolated range measurement in Al gave 32.1+0.1 
Mev. The test by means of the B"(p,n)C™ reaction would 
show up both errors in the accelerator energy, absorber, 
or range-energy curve. 

If we assume that the threshold of the reaction is sharp, 
then the threshold can be located from the maximum of 
the second derivative curve (Fig. 1). We place the threshold 
of the reaction at 


18.5+0.3 Mev, 


where the probable error includes possible errors in the 
energy scale. If we take the mass of C" to be 11.01498 (in 
agreement with the threshold® of 2.97 Mev for B"(p,)C", 
and the 6*-end point® from C™ of 0.95 Mev) the calculated 
threshold of the reaction C"(p,pn)C™ corrected for recoil, 
is 20.2 Mev. The earlier values given by Livingston and 
Bethe and Barkas’ for the C" $+-end point and the mass 
of C" are about 0.3 Mev higher but are based on earlier 
measurements® probably affected by N™ contamination. 
This means that the reaction C%-C" must be a (p,d) 
reaction, rather than a (p,pm) reaction, at least near 
the excitation threshold. The only other instance of a 
specific deuteron yielding reaction known is the reaction 
Be*(p,d)Be®.* Cosmic-ray evidence in photographic plates'® 
makes it appear that such an event is also possible in high 
energy processes without breakup of the deuteron. 

If the incoming proton were captured by the C nucleus, 
the resultant excited N™ would strongly favor energetically 
the re-emission of a proton over the emission of a deuteron 
or neutron. The cross section of the $,d reaction by a 
compound nucleus process should therefore be much 
smaller than the values observed. The process is therefore 
likely to take place by a direct interaction, e.g., by direct 
ejection of a deuteron and subsequent decay of N® with 
emission of a proton. 

We are indebted to Messrs. Heckrotte and Martinelli, 
for theoretical discussions and to the linear accelerator 
personnel for making bombardments. The integrating 
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Fic. 1. The excitation curve for the reaction C!2(p,pn)C™. 


chamber was constructed by Mr. Lee Aamodt. This work 
was carried out under the auspices of the Atomic Energy 
Commission. 


1W. W. Chupp and E. M. McMillan, Phys. Rev. 72, 873 (1947). 

2 E. M. McMillan and R. D. Miller, Phys. Rev. 73, 80 (1948). 

3 R. Serber, Phys. Rev. 72, 1114 (1947). 

4J. H. Smith, Phys. Rev. 71, 32 (1947). 

5 Haxby, Shoupp, Stephens, and Wells, Phys. Rev. 58, 1035 (1940). 

6 Delsasso, White, Barkas, and Creutz, Phys. Rev. 58, 586 (1940). 
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7 Livingston and Bethe, Rev. Mod. Phys. 9, 245 (1937); Barkas, 
Phys. Rev. 55, 691 (1939). 

8 Fowler, Delsasso, and Lauritsen, Phys. Rev. 49, 561 (1936). 

® Allison, Skaggs, and Smith, Phys. Rev. 54, 171 (1938); J. S. Allen, 
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Some New Radioactive Isotopes of Tb, Ho, Tm, 
Lu, Ta, W, and Re 


GEOFFREY WILKINSON AND Harry G. HICKS 


Radiation Laboratory and Department of Chemistry, 
University of California, Berkeley, California 
October 13, 1948 


N order to allow quantitative interpretation of the 
reactions of high energy particles from the 184-inch 
cyclotron with tantalum and heavier elements, a systematic 
survey is being made of radioactive isotopes of the rare 
earth elements—hafnium, tantalum, tungsten, and rhen- 
ium. Bombardments of various elements are being made 
using 38-Mev and 20-Mev helium ions, 19-Mev deuterons 
and 10-Mev protons from the 60-inch Crocker Laboratory 
cyclotron. Chemical separation of the rare earth elements 
is made by ion-exchange resin columns. Table I summar- 
izes present data; energies of radiations are determined 
from absorption measurements; positrons are observed 
using a “magnetic counter;”’ mass allocations are made 
on the basis of measured cross sections. The symbols 
used in the table are those employed by Seaborg.! 
Detailed accounts of experimental techniques and of the 
isotopes will be published. 
The allocation of the previously reported f-active 
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TABLE I. 








Energy of radiation in Mev 











Isotope 


Half-life 


Particles 


y-Tays 


Produced by 





Tbist 
Tbs 
Tbs 
Tbiss 
Holéo 
Ho!61,162 
Holé2.161 


Hols 
Holt 


Tmi6 
Tmi67 
Tm!67.168 


Lu!70 


Lui 


Lu!%1.,172 


Tal7é 


Tal”? 


Tal’8.177 


W179,178 


Rels2 
Relss,18 


Rels.183 


K, e~ 

K? 

K?,e-, 7 
K, e~, B*, y 
|e as 

B- 

K, e~, Bt, v 
RY ae 
K?, e~ 

K, ev 8*. 7 


K, e-, 


K?,e-, 7 


K,e-, ¥ 

K, e~ 

x,e 
or B- 


EK, ¢..7 


Ee. 7 
K?, 7 


K,e-. 7 


4.5 hr. 
5.1 days 
17.2 hr. 
~1 yr. 
~20 min. 
60 days 
4.5 hr. 


7 days 
35 min. 


7.7 hr. 

9 days 
~100 days 
2.15 days 


9 days 
>100 days 


8.0 hr. 


2.66 days 


16 days 


135 min. 


64 hr. 
13 hr. 
~80 days 


0.12, 0.18, 1.2 
0.1 


1.1 


0.15, 0.45 


0.11, 0.27, 0.6 


K, x-rays 

L, K, x-rays 

L, K, x-rays 
1.4 

L, K, x-rays 

x-rays 

L, K, x-rays 

L, K, x-rays 
1.1 

L, K, x-rays 

L, K, x-rays 
~1.5 

L, K, x-rays 
0.22, 0.95 

L, K, x-rays 

L, K, x-rays 
1.5 


L, K, x-rays 
L, K, x-rays 


L, K, x-rays 
1.7 
L, K, x-rays 


L, K, x-rays 
~0.45, 
L, K, x-rays 


K, x-rays 
1.6 


ia K , X-rays 
1.0 


Eu-a-3n 
Eu-a-2n 
Eu-a-n 
Eu-a-3n 
Gd-p-n 
Eu-a-2n 


Ta-d-52-16a 
Ho-a-n or 2n 


Tm-a-3n 
YVb-d-2n, 3n 
Ta-d-32-13a 
Tm-a-2n 
Ta-d-32-12a 
Yb-d-n, 2n, 3n 
Tm-a-n or 2n 
Yb-d-n, 2n, 3n 


Lu-a-3n 
Ta-d-z-7a 
Lu-a-2n 
Ta-d-z-6a 
Hf-d-n, 2n, 3n 
Lu-a-n or 2n 
Hf-d-n, 2n, 3n 


Ta-d-4n or 5n 


Ta-a-2n or n 
W-p-n 
Ta-a-n or 22 
W-p-n 








isotopes of lutecium with half-lives of 3.75 hours and 
6.8 days, to masses 176 and 177, respectively, has been 
confirmed by measurement of the d,p cross sections for 
19-Mev deuterons in lutecium. 

We wish to thank Dr: J. G. Hamilton and the crew of 
the 60-inch cyclotron for their cooperation, and Professors 


G. T. Seaborg, I. Perlman, and B. B. Cunningham for 
their interest and advice. 

This paper is based on work carried out at the University 
of California under the auspices of the Atomic Energy 


Commission. 


1G, T. Seaborg, Rev. Mod. Phys. 16, 1 (1944). 





7 


PHYSICAL REVIEW VOLUME 74, NUMBER 11 DECEMBER 1, 1948 


Proceedings of the American Physical Society 


MINUTES OF THE MEETING OF THE METROPOLITAN SECTION AT THE 
BROOKHAVEN NATIONAL LABORATORY ON MARCH 26, 1948 


HE fifteenth annual meeting of the Metropolitan Section was held at 

Brookhaven on March 26, 1948. One-hundred and seventy-one members 

and guests registered. Guided tours of several active laboratories were made 

and a general meeting held. Director Philip M. Morse welcomed the visitors, 

and President M. W. Zemansky replied. Two projects of Brookhaven were 

described: the ‘‘nuclear reactor” by Lyle B. Borst and ‘‘accelerators” by M. 
Stanley Livingston. 

Officers of the section elected for the 1948-49 season are: 


President, L. W. MCKEEHAN. 

Vice President, J. B. JOHNSON. 
Secretary-Treasurer, W. F. C. FERGUSON. 
Committee, P. Kuscn. 

Members, E. M. THORNDIKE. 


W. F. C. FerGuson, Secretary 





